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Introduction:  The Apollo 12 mission landed in 

the Eastern region of Oceanus Procellarum in No-
vember 1969 and returned 34 kg of mainly basaltic 
samples. Crater size-frequency distribution meas-
urements [1] indicate that a large number of individ-
ual basaltic flows are located within the Oceanus 
Procellarum, including some of the youngest mare 
basalts on the Moon (~1.2 Ga). The potential for 
lateral transport of material across the lunar surface 
as a result of impacts [2,3] allows the possibility that 
some of this young basaltic material may have been 
sampled by the Apollo 12 mission. Therefore, further 
analysis of the Apollo 12 sample collection may help 
to constrain the duration of lunar volcanism and pro-
vide new insights into the magmatic evolution of the 
Moon.  Here we present textural characteristics, bulk 
chemical compositions and mineral chemistries for 
lunar soil sample 12023,155 consisting of 12 basaltic 
coarse fines ~ 2mm in diameter. In particular, 4 po-
tentially atypical samples will be discussed. 

Methods:  Each grain was split in two with the 
larger split retained for petrographic analysis and the 
smaller split allocated for radiometric dating.  Tex-
tures were examined using a JEOL JXA-8100 elec-
tron microprobe with an Oxford Instrument INCA 
energy dispersive system (EDS) to produce 
backscattered electron (BSE) images and elemental 
maps. Modal mineralogies were obtained from BSE 
images and elemental maps using imaging software 
to identify the phases.  Bulk compositions were cal-
culated using multiple raster beam analyses (RBA) 
across the samples that were corrected for differ-
ences in phase densities in accordance with [4]. The-
se methods have been previously tested on known 
samples [5] and found to be in good agreement. In-
dividual mineral grain analyses were obtained with 
an integrated wavelength dispersive system (WDS).  

Sample Descriptions:  The samples studied are 
all holocrystalline basalts.  Samples are low-Ti bas-
alts in accordance with the compositional scheme of 
[6].  In addition, most of the samples have chemical 
and textural similarities to other known Apollo 12 
basalts [7] in that these coarse fines are generally 
typical of Apollo 12 low-Ti olivine, pigeonite and 
ilmenite basalts [2]. Four samples (155_2A, 8A, 9A 
and 10A) are similar to olivine basalts with highly 
varied textures from subophitic to porphyritic to mi-
crogabbroic and modal percentages of olivine (Fo48-

74) between 7.8 and 13.9%. Pyroxenes are zoned 
with highly variable compositions (En1-63Fs20-84Wo8-

39), with the exception of the microgabbroic sample, 
155_8A which appears to have a more equilibrated 

(En39-56Fs22-39Wo11-38) composition and shows little 
zoning. Two samples (155_3A and 155_7A) are sim-
ilar to ilmenite basalts with higher modal abundances 
of ilmenite (4.2 and 6.5% respectively) and interme-
diate TiO2 contents >5 wt% (table 1). In addition, 
155_7A exhibits a schlieren-like texture together 
with small pools of sulphides and this may indicate a 
degree of shock processing. Plagioclase composi-
tions in 155_7A (An76-93) are more varied than in 
other samples  and olivines are more fayalitic (Fo34-

55). A further two samples (155_6A and 155_12A) 
bulk compositions indicate that they are similar to 
Apollo 12 pigeonite basalts (table 1), with textures 
which are dominated by large, highly zoned pyrox-
enes (En0-67Fs22-87Wo7-37), partially enclosing plagio-
clase (An87-93) and ilmenite laths. Minor olivine 
(Fo65-73) is present in 155_6A (5.9% of the sample).   
In addition, exceptions to these standard lithological 
groups are noted which warrant further investigation:  

12023,155_1A.  We identify this sample as a 
coarse-grained pyroxene cumulate, consisting mainly 
of pyroxene (93%), in which ilmenite is absent.  The 
sample consists of orthopyroxene (En53-65Fs26-35Wo7-

12) which encloses olivine (Fo60-68) together with 
minor augite (En45Fs24Wo30), plagioclase (An83) and 
spinel. This is the most magnesian sample with a 
bulk Mg# composition of 65.33 (table 1). 
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Table 1.  Bulk chemical compositions in wt% oxide for sam-
ples 12023,155_1A to 12A.  Mg# = Mg/(Mg+Fe) atomic ×100.  
Errors for major element oxides are 1δ standard deviation.  
Propogation of errors is used to calculate the error for Mg# 

12023,155_4A and 5A.  These samples are likely 
to be from the same parent rock, given similarities in 
their bulk chemical compositions (table 1) and min-
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eral chemistries.  They have a sub-ophitic texture, 
consisting of large fractured pyroxenes (41.2% by 
mode) which are highly zoned with variable compo-
sitions (En2-58Fs22-86Wo8-36) partially enclosing 
blocky plagioclase (An88-92)  Minor embayed olivine 
(Fo64-69) is present in both samples (4.8 and 2.8% by 
mode, respectively).  Interstitial silica is common 
accounting for up to 7% modally.  Opaque phases 
are seen mainly in the form of ilmenite (up to 4.9%) 
but occasional rounded spinels are also present. Py-
roxenes also contain tiny opaque inclusions of Fe-Ni 
metal and sulphides (troilite) occur in trace amounts, 
associated with ilmenite. These samples are similar 
to feldspathic basalts or evolved pigeonite basalts, 
which have low-Ti contents (<4 wt% TiO2, table 1) 
and have higher Al concentrations (11.91 and 12.29 
wt% Al2O3 respectively).  Both samples have rela-
tively high modal plagioclase contents (42.3 and 
36.6%)  which together with the bulk chemistry of 
these samples, indicate that they are feldspathic in 
nature.  

12023,155_11A.  This is an unusual variolitic 
sample consisting of Fe-rich pyroxene (43.5%), pla-
gioclase (42.8%), ilmenite (4.5%) and silica (9%). 
No olivine is present.  This sample exhibits an ap-
parently evolved composition with a very low Mg# 
(21.63) compared with the other Apollo 12 material 
studied here. 155_11A also contains relatively high 
Al (11.57 wt% Al2O3) and Ti (8.29 wt% TiO2) abun-
dances. Pyroxenes are zoned with variable composi-
tions (En0-43Fs40-85Wo12-33) but are distinct from all 
other samples (figure 2d), with no Fe-poor pyrox-
enes detected, further attesting to the evolved nature 
of the melt from which it crystallized. 

 

 
Figure 1: BSE image of  12023,155_11A illustrating 
distinct differences in textures within the sample. Si = 
silica, Pl = plagioclase, Pyx = pyroxene, Ilm = ilmenite 
 

Summary:  Most of the basaltic fines presented 
in this study have chemical and textural similarities 
consistent with olivine, pigeonite or ilmenite Apollo 
12 low-Ti basalt lithological groups, but noted ex-
ceptions may require contributions from separate 
lava flows.  The acquisition of trace element mineral 
chemistries (ongoing) will complete the chemical 
analysis of these samples.  Results can then be eval-
uated together with Ar-Ar dating in order to gain a 

better understanding of the petrogenesis and source 
regions of these samples. 

References: [1] Hiesinger, H. et al. 2003. JGR 
108, E7. [2]  Li, L. and Mustard, J.F. 2005. JGR, 
110, E11002-E11018. [3] Petro, N.E. and Pieters, 
C.M. 2007. LPS XXVII Abstract #2069. [4] Warren, 
P.H. 1997. LPS XXVIII Abstract #1497. [5]  Snape, 
J.F. et al.  2011. LPS XLII Abstract #2011. [6] Neal, 
C.R. and Taylor, L.A. GCA. Vol 56. pp.2177-2211 
[7] Papike, J.J. et al. 1998.  Lunar Samples.  Reviews 
in Mineralogy, 36, pp 5-1 – 5-234.   
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Figure 2:  Pyroxene compositions in 12023,155. a) Pyroxene 
compositions from all samples showing a typical range for 
lunar basalts. b) Pyroxene compositions in 155_1A, a cumu-
late textured pyroxenite.  Compositions are more equilibrated 
and Mg-rich than other samples. c) Pyroxene compositions in 
155_4A and 155_5A, showing a wide range of compositions d) 
Pyroxene compositions in the evolved sample 155_11A which 
are all Fe-rich. 
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Introduction: Recently, we have witnessed a 

paradigm shift in our understanding of the history of 
water on the Moon. Currently, there is less 
disagreement over the presence of water in the lunar 
interior as documented by sample analysis. 
However, uncertainties exist regarding the 
abundance, distribution, and the source(s) of water in 
the lunar interior. The giant-impact origin of the 
Moon is thought to have involved a lunar magma 
ocean (LMO) phase. Much of any water present 
during the accretion of the Moon would presumably 
have been lost to space because of high-temperatures 
but some primordial water may have been 
sequestered in minerals and rocks formed by LMO 
solidification. Mare basalts (and volcanic glasses) 
derived by partial melting of the lunar mantle have 
erupted episodically onto the lunar surface. Any 
evidence for the presence of water in the lunar 
mantle is likely to be preserved in mare basalts as 
water behaves incompatibly during mantle partial-
melting and is thus partitioned preferably into the 
melt. The Apollo missions collected a range of lunar 
samples including those of primary LMO products 
(e.g., anorthosites, Mg-suite rocks etc.) and a variety 
of mare basalts with crystallization ages 
predominantly ranging from ~ 3.9 to ~ 3.1 Ga [1].  

Results to date: There has been several reports 
on the discovery of variable amounts of 
hydroxyl/water in lunar volcanic glasses [2], melt 
inclusions [3] and in apatites from mare basalts [4-
9]. Direct analyses in melt inclusions in high-Ti 
glasses yielded a pre-eruptive H2O content of 270 -
1202 ppm [3]. Glass beads themselves contain 10 ± 
4 ppm H2O, corresponding to a pre-eruptive H2O 
content of ca. 490 ± 160 ppm. In very low-Ti 
glasses, H2O content is more heterogeneous (0.4 - 30 
ppm [2]) and corresponds to pre-eruptive H2O 
contents of ca. 20 - 1600 ppm. Water content of 
apatites, in which it is present in OH form, range 
from a few ppm to more than 1 wt. % OH [4-9]. In a 
few cases, the hydrogen isotopic composition of the 
lunar water has also been measured indicating 
significantly elevated D/H ratios compared to 
terrestrial values. In addition, significant intra-
sample variability in terms of water content at 
roughly constant δD value seems to characterize a 
number of lunar samples. Furthermore, comparison 
of apatite OH contents with the age of mare-basalts 
reveal two interesting features: (1) the mean OH 
content tends to increase from older to younger 
basalts (2) there is far larger intra-sample variability 
in the OH content of the younger (< 3.5 Ga) low-Ti 
basalts (Fig. 1). Interestingly, samples of the lunar 
crust, some of which correspond to the earliest LMO 
products, contain the lowest amounts of water [5] 
suggesting late addition of water to the Moon.  

 
Figure 1: OH content of apatites from mare basalts plotted 
against mare basalt ages. Vertical error bars represent 
intra-sample variability (standard deviation of the mean). 
Superscript numbers after sample numbers correspond to 
the references given in the reference list. 
 

Discussion: The existing dataset for water 
contents in a range of lunar rock types strongly 
suggest heterogeneous distribution of water inside 
the Moon. Although relatively fewer data points 
exist for the hydrogen isotopic composition of water 
in these lunar samples, it is increasingly becoming 
obvious that lunar samples have highly fractionated 
δD values compared to terrestrial samples. This 
specific signature has been interpreted in terms of 
cometary source for lunar water [5] although it is 
also possible to generate such fractionated δD values 
through degassing of hydrogen from a cooling 
magma body. At the very low fO2 in the lunar 
interior (IW-2), H2 is likely to be the dominant H-
bearing species in the lunar magma. Degassing of H2 
could generate highly fractionated D/H ratios in the 
cooling magma, and, it could be that water/OH only 
becomes stable in lunar magmas towards the very 
end of their crystallization, coinciding with the onset 
of apatite crystallization, which then becomes the 
main carrier phase of OH. If this scenario is correct 
then it is possible that the current estimates for the 
water contents of the bulk-Moon are overestimated 
and these figures need to be revised downwards. 

References: [1] Papike, J.J. et al. (1998) Rev. 
Mineral. Geochem. 36, 5001-5234. [2] Saal, A.E. et 
al. (2008) Nature 454, 192-195. [3] Hauri, E.H. et al. 
(2011) Science 333, 213-215. [4] Boyce, J.W. et al. 
(2010) Nature 466, 466-469. [5] Greenwood, J.P. et 
al. (2011) Nat. Geosci. 4, 79-82. [6] Greenwood, J.P. 
et al. (2012) LPSC XLIII, Abs# 2089. [7] McCubbin, 
F.M. et al. (2010) Am. Min. 95, 1141-1150. [8] 
McCubbin, F.M. et al. (2010) PNAS 107, 11223-
11228. [9] McCubbin, F.M. et al. (2011) GCA 75, 
5073-5093. 
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 Introduction: The ancient lunar crust bears testimo-

ny of an early (>3.7 Ga) period that is characterized by 
frequent hypervelocity impacts of 10´s to 100´s km sized 
projectiles that detonated ~40 basin sized (>300 km diam-
eter) impact structures into the lunar crust [e.g., 1]. By 
implication, a larger number of such massive impact 
events affected the early Earth [2], but the traces of these 
events are erased by crustal recycling of our geological 
active planet. An important debate in lunar and planetary 
science relates to the period of time during which these 
lunar basins formed. The finding that ~3.9 Ga old impact 
reset rocks were collected on all 6 Apollo landing sites 
gave rise to the concept of a “Late Heavy Bombardment 
(LHB)” or “terminal lunar cataclysm” where most or all of 
the basins formed during a <200 Ma time interval centered 
around 3.9 Ga [3-6]. The LHB hypothesis gained populari-
ty with dynamical models presenting celestial mechanisms 
for a “late” reconfiguration of the Solar System architecture 
that could provide abundant projectiles for such a “late” 
event [7, 8].  

However, the interpretation that samples collected by 
the Apollo and Luna missions and lunar meteorites bear 
evidence for a “terminal lunar cataclysm” is repeatedly 
criticized [i.e. 9- 11]. Currently the dominance of ~3.9 Ga 
ages in Apollo and Luna mission samples is thought to be 
due to either 1) the resetting of the different radiogenic 
chronometers (e.g. Rb/Sr, Ar/Ar) around 3.9 Ga by a large 
number of impacts at that time [i.e. 12], or 2) because all 
Apollo missions mainly sampled Imbrium ejecta [9,10].  

In order to contribute to the aims of the lunar communi-
ty for acquiring a more comprehensive view of the impact 
history of the Earth-Moon system, we briefly 1) revisit the 
first 800 Ma of lunar history, 2) review radiometric ages 
(including correction for K-decay and monitor ages as 
appropriate; [13-15]), 3) review petrography of Apollo and 
Luna samples and 4) discuss four different approaches for 
constraining the time interval during which the lunar basins 
formed.  

1) Relating impact melt rocks to specific basins by 
geological arguments – The Nectaris case -  

The age of the Nectaris basin (and it difference in age 
to Imbrium basin) is considered key for testing the putative 
LHB [16]. Proposed ages for Nectaris formation range 
between 4.2 Ga [17] and 3.85 Ga [18]. The assignment of 
a 3.9 Ga [19] and 3.85 Ga[18] age for Nectaris are based 
on forma-tion age (minimum age given by the youngest 
clast within the breccia) of rock sized breccias collected on 
the rim of the North Ray Crater (NRC). Later, Norman et 
al. [20] reported KREEP-rich impact melt clasts of 3.85 Ga 
within some of the NRC breccias. They concluded that this 
breccias bear no information for the age of Nectaris, be-
cause the KREEP signature should be indicative of Imbri-
um derived ejecta.  
A 4.2 Ga age was proposed for Nectaris to account for the 
variety of lithologies related to the Descartes formation 
[17]. In addition, different publications report rocks with im-

pact reset ages up to 4.3 Ga for samples collected by 
Apollo 16 astronauts [21, 22], (Fig. 1). Thus, the Moon 
surface was impacted before 4.0 Ga ago. Moreover, a 
variety of impact craters, including basins Tranquilitatis, 
Nectaris, Serentiatis and Imbrium, delivered material to the 
Apollo 16 landing site. Thus, relating individual samples 
collected from the lunar surface with a specific impact 
basin will always be ambiguous. Therefore, additional 
information is required to constrain the heavy bombard-
ment of the Moon.  
The lunar curst: Understanding the formation, thickening 
and cooling of the lunar crust is essential to constrain the:  
1) formation time when impacts could leave lasting marks, 
i.e., it provides a maximum age for lunar basins.  
2) thickening time after which the crust was too thick for 
the delivery of meteoritic PGE´s to the mantle by even the 
largest impact events, i.e., the 0.02 % of lunar mass 
equiva-lent of meteoritical material required to explain the 
chondritic PGE signature in lunar basalts [23] had to be 
delivered be-fore that time .  
3) cooling time of the lunar crust which increases viscosity 
and by this the support for retaining the topographic relief 
of impact structures for the past ~4 billion years [i.e. 9. 24].  
2) Time estimates based on geological independent 
processes:  
In order to estimate the time lapse between formation of 
different basins, Baldwin [9, 24] argued that the ages of 
lunar basins can be deduced by comparing the topograph-
ic relief of the impact structures (categorized from young to 
old correspond to class 1 to 10, respectively). The older 
crater structures (>161 km diameter) that formed in a less 
viscous (warmer) lunar crust would display a higher de-
gree of topographic smoothing compared to younger 
crater structures that formed on a cooler and thus a more 
supportive lunar crust. At about 3.7 Ga ago, the viscosity 
of the lunar crust had increased to high values allowing it 
to support the prominent topographic relief of Imbrium and 
Orientale for billions of years. Baldwin [9, 24] argued that 
the prominent morphological differences of Orientale 
(class 2) and Nectaris (class 7) require that the latter basin 
to be older by a few 100´s Ma.  
3) Impact exhumation scenario: Basin-sized impacts 
into a warm and less viscous lunar crust [9, 24] would be 
consistent with an impact exhumation scenario for some 
lunar rocks by considering: 1) crystallization in deep and 
warm crustal areas with an open system behaviour for 
some isotopic systems, followed by impact-exhumation by 
large impacts, and then cooling on or near the lunar sur-
face. This impact exhumation scenario can explain the 
difference between the Sm-Nd crystallization age and the 
K-Ar age for FAN rock 60025 with crystallization at 4.44 
Ga and resetting of the K-Ar system at ~4.2 Ga [25-27]. It 
could also explain the 4.36 Ga Pb-Pb age, and 4.32 Ga 
146Sm-142Nd ages re-ported recently for 60025 [28] within 
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the petrological context of the standard lunar magma 
ocean (LMO) model. The stan-dard LMO model [29, and 
refs. therein] interprets FAN rocks as flotation cumulates 
that formed during crystallization of the LMO. Hence, the 
FAN rock 60025 must have formed earlier than the 4.36 
Ga Pb-Pb ages since the LMO crystalli-zation is con-
strained to have been completed before 4.42 Ga ago, as 
given by the isotopic age of the KREEP reservoir [29]. The 
impact excavation model could explain the isotopic age of 
FAN rocks being younger than the reservoir age of the 
KREEP source. 60025 could have formed early (>4.42 Ga) 
during the LMO crystallization at deep crustal levels where 
temperatures remained for an extended period above the 
closing temperatures of the different isotopic systems. The 
4.2 Ga Ar-age of FAN rock 60025 [21,22, 25-27] would 
then date the time of a basin sized impact.  

4) Impact age frequencies for meteorites from the 
Moon and the asteroid belt can provide another test for 
an extreme intense bombardment during a putative LHB. 
Statistical age distribution for impact reset H and L chon-
drites and HED [30] and lunar [11] meteorites provide no 
evidence for a brief (<200 Ma) and extremely high impact 
rate centered around 3.9 Ga. Instead, the impact ages 
distribution shows a similar number of impact ages be-
tween 4.2 and ~3.0 Ga.  

Conclusion: The currently available lunar impact rec-
ord dates back to [at least] 4.3 Ga ago [31], Figure 1. The 
lithologic variety of impact reset rocks older than 4.0 Ga 
show that not all basins formed around 3.9 Ga ago. De-
spite that some of the large lunar basins (Imbrium and 
Orientale) formed “late”, it has to be seriously considered 
that a large number of lunar basins formed are older than 
4.0 Ga (see also [59 & 60], i.e., could reasonably be part 
of the tail end of planetary accretion [61].  
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Figure 1: Gaussian probability curve calculated using published 
40Ar/39Ar impact ages obtained for samples from Apollo 12, 14, 
16 and 17 and Luna 16 and 24 missions [26, 27, 31-47] and lunar 
meteorites [7, 48-58 ]. To calculate this curve, the sample age 
and error were combined in bins of 0.05 Ga (50 Ma) which is 
representative of the average error in 40Ar/39Ar age determination. 
Where necessary, the age was corrected for monitor age and 
decay-constant. Orange line is the cumulative ompact ages for 
lunar meteorites; the green line is the cumulative impact ages for 
Apollo and Luna missions samples; the thick blue line is the 
cumulative impact ages for Apollo, Luna and meteorites and does 
not include the [41] due to uncertainty in the glass origin, i.e., 
volcanic or impact. However, for comparison, the same line with 
the [41] data is plotted and shown using the thin blue dotted line.  
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MOON SUB-SURFACE EXPLORER ‘MOUSE’ - THE COMPLEX INSTRUMENT FOR 
GEOTECHNICAL PARAMETERS DETERMINATION OF THE LUNAR REGOLITH.                       
M. Banaszkiewicz1 1 1 1 1 J. Grygorczuk , K. Seweryn , R. Wawrzaszek  Space Research Centre Polish Academy of 
Sciences (18a Bartycka str. 00-716 Warsaw Poland, marekb@cbk.waw.pl). 

 
Introduction: Space exploration is a global en-

deavour with many technical challenges to be taken. 
Its main objective is to extend our civilization to 
other bodies of the Solar System, starting with the 
neighbouring ones, by sending to them robotic as 
well as human missions. 

Preparation for the space bodies exploration re-
quires systematic scientific investigations that 
enlarge our knowledge about target bodies and in 
consequence allows to exploit its results for the 
benefit of future exploration programs, but it also 
requires development of available technologies. One 
example is research of dust on the Moon surface. 
The lunar surface is covered by dust particles with 
micro and nanometer size [1]. Fraction of dust grains  
is often ionized and interacts with solar wind leading 
to interesting dusty plasma effects [2]. Except the 
purely scientific interest, such effects can have an 
important consequence for astronauts working on 
lunar surface, for instance can be a source of differ-
ent kinds of human illnesses [4]. The problem is 
aggravated by the local increase of dust density due 
to the interaction between man-made devices like 
robotic arms, sampling devices, rovers or astronauts 
activities on the lunar surface. Since the source of 
dust is the surface layer of the regolith, the studies of 

mechanical properties (structure, cohesion, strength) 
of the regolith are important from both the scientific 
and technical point of view. 

Subsurface layers of the Moon: Investigation 
of subsurface layers of the lunar regolith can provide 
clues for solving a number of important scientific 
questions [3], such as: (i) the nature of impactors 
(comets?, asteroids?) that produced lunar craters in 
the period of  late have bombardment, (ii) the origin, 
evolution and circulation of volatiles in the regolith, 
(iii) internal structure of the Moon, (iv) transforma-
tion of the regolith at different time scales due to 
meteoroid and micrometeoroid impacts as well as 
interaction with cosmic rays and solar wind ions. In 
order to answer these questions, complex in-situ 
measurements should be carried out, covering ele-
mental, molecular and mineralogical analysis, but 
also studies of physical processes, such as heat and 
mass transfer or surface-exosphere interaction. It is 
of much importance to perform these measurements 
in many points on the lunar surface and at many 
depths in the regolith. 

Technological challenges: Such requirement 
poses a challenge for technical tools that have to be 
developed for comprehensive exploration of the 
Moon. Not a single lander or rover but a network of 

Figure 1. Penetrometers developed in SRC PAS: starting from left – MUPUS instrument for Rossetta mission, mole KRET 
instrument, CHOMIK instrument for Phobos Grunt mission 
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monitoring stations and swarms of autonomous ve-
hicles will be required to collect data in quantity that 
is necessary to make substantial progress in under-
standing the fundamental processes that have shaped 
our natural satellite from the time of its origin till 
now. Such an approach will be beneficial from the 
point of view of future exploitation of the Moon. 
Knowing where to look for valuable minerals or 
sources of energy (eg He3) will allow to optimize 
future prospecting and mining efforts. From the per-
spective of human bases on the Moon  it is important 
to find out source of water (polar regions of the 
Moon) and minerals that could be used to produce 
fuel (e.g O2 + H2). Any constructions on the Moon 
will require comprehensive engineering knowledge 
about properties of lunar rocks and regolith that will 
be used as potential building blocks. 

Penetrometers: Space Research Centre is ready 
to get involved in the international cooperation on 
preparing the future exploration and exploitation of 
the Moon. The assets we can offer comprise me-
chanical devices for penetrating the subsurface lay-
ers and taking the samples of the regolith as well as 
deployment devices that can provide means to set 
the penetartors at desired points on the surface [5]. 
Several types of penetrating devices have been de-
veloped in SRC, including MUPUS penetrator for 
Rosetta mission [6], [11], Chomik sample taker de-
livered for Fobos-Grunt mission [7] or new genera-
tion of moles with very efficient performance [8]. 
These units are equipped with measuring probes, for 
instance, temperature and thermal conductivity sen-
sors [9] and progress sensor [10] – details on figure 
1. Basing on these heritage, SRC is ready to extend 

its expertise to include a number of new sensors and 
tools that will be used to address the following sci-
entific issues:    

- thermal budget of the Moon  
- composition (gas and solid components) of 

Moon’s surface layers in its natural state 
- geotechnical properties of Moon’s surface 

layers in its natural state 
In the presentation, the concept of complex in-

strumental suite MOUSE that will allow for subsur-
face investigations will be presented. The existing 
penetrators will be described and concepts of ac-
commodating new instruments will be provided. In 
the attached figure examples of devices developed 
are shown, while in the Table 1, the matrix illustrat-
ing the research objectives of planned instruments is 
given. 
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Table.1 Potential set of instrumentation and it’s impact on determination of properties of lunar sur-
face/subsurface matter basing on SRC expertise. Level of impact: H: high; M-H: medium high; M-L: medium 
low; L: low 

 Heat conduc-
tivity, diffu-
sivity and 
capacity 

Density 
of lunar 
regolith 

Porosity 
of lunar 
regolith 

Local seismic 
waves velocity 
in lunar surface 
(+ echo sound-

ing) 

Mechanical 
and geotech-
nical proper-
ties of lunar 

surface 

Lunar 
surface 
mineral-

ogy 

Actual 
maturity 
of tech-
nology 
(TRL) 

Penetrator with 
thermal active 
and passive 
sensors  

H M-H M-H L M-L M-L 4 

Penetrator with  
progress meas-
urement device 

L M-H M-H L H M-H 3 

Penetrator + 
matrix of geo-
phones 

L M-L L H H M-H 2 

Electrical per-
meability probe M-L M-H M-H L H M-H 3 

Radioactive 
source and 
detector 

L H H L H M-H 3 

Microcamera M-L H H L H M-H 2 
VIR spectrome-
ter L L M-L L M-L H 1 

Hardware 
component 

Measurement 
goals 
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Introduction: The Moon does not possess a global 
magnetic field and collisional atmosphere but only a 
surface –bound tenuous exosphere. The lunar surface 
is thus exposed to the solar wind. The interaction of the 
solar wind particles with the lunar regolith and 
exosphere results in the production of fast (velocities 
higher than the escape velocity) neutrals, energetic 
neutral atoms (ENA). The solar wind particles may be 
neutralized by the surface and backscattered, cause 
sputtering of regolith atoms, or charge – exchange on 
the exosphere. Detecting ENAs remotely provides a 
diagnostic tool to study the plasma – surface 
interaction processes and image the global plasma 
distribution. Mechanisms of the ENA production at the 
Moon [1][2] and Mercury are similar and the ideas of 
ENA imaging of the Moon is based on the earlier 
analysis performed for Mercury [3].  

SARA Instrument: SARA (Sub-keV Atom 
Reflecting Analyzer) is a package of an ENA imager 
and ion spectrometer flown onboard the Indian 
Chandrayaan-1 mission [4]. The ENA imager provides 
measurements of ENA fluxes in the energy range 10 
eV - 3.3 keV and field-of-view 15° x 160° divided into 
7 angular pixels in the fan configuration. Each pixel is 
about 7° x 45° (full-width-half-maximum). The ion 
spectrometer monitors the ion fluxes in the energy 
range 10 eV – 15 keV. SARA operated on a circular 
100 km polar orbit from January to July 2009. 

ENAs from the Moon: Detection of backscattered 
hydrogen from the Moon occurred almost 
simultaneously by an ENA detector onboard NASA 
IBEX [5], an Earth orbiting satellite to observe 
heliospheric ENAs, and SARA [6]. The fluxes 
observed are high 106-107 cm-2 sr-1 s-1 and correspond 
to 10% - 20% of the solar wind protons backscattered 
as hydrogen. The detailed analysis of the scattering 
function [7] revealed that the scattering occurs 
preferentially backwards not forward, and becomes 
shallower for larger solar zenith angles. It is uniform 
over azimuth but becomes more peaked for large solar 
zenith angles. The ENA energy spectrum is best fitted 
by a Maxwellian distribution with a temperature of 60 
– 160 eV depending on the solar wind velocity [8]. The 
physics of the solar wind – regolith interaction behind 
the observed features is still not clear. No observations 
of the charge – exchange ENAs were reported so far. 

IBEX seems to observe a few oxygen atoms emitted 
from the Moon, which are likely to be sputtered 
products of the solar wind – regolith interaction (P. 
Wurz, private communication). 

ENA Imaging: ENA provided a very effective tool 
to image lunar magnetic anomalies, which, as turned 
out, create voids (50% reduction) in the solar wind flux 
reaching the surface as observed at an anomaly at the 
Gerasimovich crater [9]. This first ENA image of the 
lunar mini-magnetosphere revealed a complex 
structure including the solar wind void surrounding by 
the enhanced flux region, an analogy to the terrestrial 
magnetosphere and magnetosheath. ENA imaging of 
the anomalies showed [10] that these structures are 
highly variable and the morphology is fully controlled 
by the solar wind dynamic pressure.  

Future Investigations: The future investigations 
and observations of the lunar ENAs should be focused 
on understanding (1) microphysics of the solar wind – 
regolith interaction, and (2) global ENA imaging of the 
solar wind – magnetic anomaly interaction. To address 
the question (1) one would require detailed 
measurements of the ENA scattering function, energy 
spectra, and dependences on the solar wind from a 
lander. For global ENA imaging one would require 
high (at least 5° x 5°) angular resolution measurements 
from an orbiter. There investigations are planned to be 
conducted onboard the Russian Luna-Globe lander and 
Luna-Globe orbiter scheduled for launch in 2015.  
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Introduction:  A re-investigation of Apollo rock 

samples has up-ended the long standing consensus 
that the Moon is an anhydrous planetary body1. This 
has been spurred by the findings of water in apatite 
grains from a range of Apollo rock samples, glass 
beads and melt inclusions2-7. Currently the maximum 
recorded water content is from apatite in Apollo 12 
mare basalt 12039 which contains up to 1.13 wt.% 
OH, and the maximum  recorded δD thus far is 
+1010 ‰, also from the same sample7.  

Here we report our latest results of ion micro-
probe analyses of D/H ratio and OH content of apa-
tite in mare basalt 12064 and troctolite 76535. We 
also present the findings of an experiment designed 
to test the effects of scanning electron microscopy on 
volatiles in lunar apatites prior to ion probe analysis. 

Materials: We used as a primary standard a ho-
mogenous apatite, Morocco, which is characterized 
by a δD of -84.9 ‰ and an OH content of 0.26 wt.%. 
For calibration we used a homogenous apatite, 
Imaichi, which has an OH content of 0.019 wt.% and 
an unknown δD value. 

Method: Apatite grains were identified using the 
FEI Quanta 200 3D scanning electron microprobe at 
the Open University. Ion microprobe analyses were 
conducted using the Cameca NanoSIMS 50L at the 
Open University. A large Cs+ beam of 250 pA cur-
rent was used, and each analysis was preceded by a 3 
minute pre-sputter. The beam was rastered over a 12 
×12 µm area, but the data were only collected from 
the central 5 × 5 µm area. The negative secondary 
ions of 1H, 2H, 13C and 18O were collected simulta-
neously. An electron gun was used for charge com-
pensation.  

Results: Figure 1 shows the NanoSIMS results 
and errors are reported as 2. Apatite grains in Apol-
lo basalt 12064 have a δD range from +768 ‰ to 
+998 ‰ and the OH content ranges from 0.033 wt.% 
to 0.14 wt.%. Troctolite 76535 has a δD signature 
ranging from -113 ‰ to +557 ‰ and an OH content 
ranging from 0.0026 wt.% to 0.0073 wt.%.  

Discussion: Interestingly, the maximum δD val-
ue recorded from 12064 overlaps with the highest 
previously reported δD value from mare basalt 
120397. It has been suggested that this high δD may 
be attributed to cometary input to mare source re-
gions7. However, alternative hypotheses involving 
magma degassing could also explain the high δD and 
low OH contents of these samples8,9. Finally, these 
fractionated D/H signatures could have been inherit-
ed from the proto-lunar disc evolution.  

Figure 1. Results from ion microprobe analysis 
of apatites in 12064 and 76535 samples. Errors are 
reported at 2. The grey box corresponds to the 
range of terrestrial δD.  

 
Conclusion: Mare basalt 12064 has among the 

highest δD recorded thus far from Apollo samples. 
The samples studied here have δD signatures above 
the range of terrestrial δD (except for one analysis of 
troctolite) and contain relatively low hydroxyl con-
tents. The lunar crustal rocks appear to have lower 
δD and hydroxyl contents than mantle derived rocks. 
A further study is in progress to collect additional 
hydroxyl and hydrogen isotope data for a range of 
lunar samples, which will aid our understanding of 
these preliminary results.   
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Observations: Observations of Na resonance lines 
(5890 and 5896 Å) in the lunar exosphere at the 2-m 
Zeiss Terskol telescope (Kabardino-Balkaria, Russia) 
were performed during 2008 – 2010 years. The most 
successful observations were performed on August 12-
13, 2009 and August 13-14, 2009 during maximum of 
Perseid meteor shower (see Table). According to [1] 
maxima of Perseid meteor shower on Earth occurred 
on Aug. 12, 2009 at 8 and 18 UT and Aug. 13, 2009, 6 
UT. Six eshelle spectra were obtained at the distances 
of 50˝, 150˝, and 250˝ (90, 270, and 455 km, respec-
tively) from the lunar limb above the north pole which 
was bombarded by Perseid’s meteoroids. Spectral reso-
lution was equal to 15 000, the exposure time of each 
spectrum was equal to 1 800 s. Height of the slit is 10˝, 
width of the slit is 2˝. For calibration purpose star 
HD214923 was observed. 
 

Time of observations, UT Distance 

from the 

surface, km 

Position 

angle, 

degrees 

Intensity 

of Na D2 

line, R 

Aug. 12, 23:13 - 23:43 90 -19 11.4 

Aug. 12, 23:54 – Aug. 13, 0:24 270 -19 12.2 

Aug. 13, 0:43 -1:13 455 -19 9.4 

Aug. 13, 23:22 – 23:52 90 -15 10.6 

Aug. 13, 23:53 – Aug. 14, 0:23 270 -15 8.1 

Aug. 14, 0:26 – 0:56 455 -15 4.8 

Table 1. Parameters of observations of the Moon. 
 

Discussion: To subtract solar spectrum we use 
high-resolution solar spectrum [2] averaged to spectral 
resolution of Terskol’s telescope (see Fig. 1). The sig-
nal-to-noise ratio of obtained spectra is about 50. Spec-
tral transpearency of Earth’s atmosphere at 600 nm 
was taken as 75 % in accordance with [3]. Based on 
D1/D2 line area ratio accuracy of measurements of Na 
line areas is estimated as 3 %. Brightness of Na lines at 
270 and 455 km from the limb is 107 % and 83 % in 
comparison with that at 90 km on Aug. 12/13, 2009. 
Brightness of Na lines at 270 and 455 km from the 
limb is 77 % and 45 % in comparison with that at 90 
km on Aug. 13/14, 2009. Brightness of reflected solar 
spectrum at 270 and 455 km is 75 % and 54 % in com-
parison with that at 90 km on Aug. 12/13 and 13/14, 
2009.  

Temperature of Na atoms is estimated as  
2100±400 K on Aug. 13/14. Temperature of Na atoms 
on Aug. 12/13 is higher than 3000 K. Obtained results 
can be explained as evidence of quick variability of 
brightness of Na lines during maximum of Perseid 
meteor shower which is responsible for additional 
intensity of Na D2 line of about 5 R on Aug. 13, 2009 
at 0-1 UT. It corresponds to zenith column density of 
impact-produced Na atoms of about  4×107 cm-2. 
Taking properties of Perseid’s impacts from [4] our 
results can be explained by single impact of Perseid 
meteoroid with mass of about 1.2 kg or additional 
mass flux of small meteoroids of about 5×10-18  g cm-2 
s-1.   

 

 
 
Fig. 1. Obtained spectra of the lunar exosphere on 

Aug. 12,978 UT, 13,006 UT and 13,04 UT, 2009. 
 
Conclusions: Quick variability of brightness of Na 

lines during maximum of Perseid 2009 meteor shower 
is detected and explained by impacts of Perseid mete-
oroids. Maximum of activity of Perseid’s meteor 
shower on the Moon is observed on Aug. 13, 2009 at 
0-1 UT. 
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The initial stage of development of nonlinear seismology 
was sufficient for attempt to transfer terrestrial 
experience on studying of lunar seismicity and the 
analysis lunar seismograms. Features of geological 
structures of the Moon and the form of records  
seismograms became the precondition and the certificate 
of existence strong modulation effect. As well as in the 
general physics modulation in lunar seismology (as well 
as in terrestrial) - change under the known law (the law 
of external influence) in time of parameters of a seismic 
wave field. Therefore understanding of that and the 
account of nonlinearly of processes have resulted in 
reception of significant results on cosmology and to an 
internal structure of the Moon. The above-stated results 
and the common understanding have allowed to accept 
not only nonlinear model of seismicity of the Moon but 
also existence of seismic acoustic processes and first time 
seismic acoustic emission. Studying of forms and 
structures seismograms allows to draw the following 
conclusions: (1) lunar seismogram as records of a seismic 
signal or event usually consist of one or several parts of 
which duration and  quantity is connected to energy of 
initial event; (2) the characteristic forms of lunar 
seismogram similar  to forms of seismic acoustic 
emission on records  of seismic acoustic noise on the 
Earth especially for seismic active zones and during 
activation of the nearest faults; (3) lunar sites of records 
seismogram as well as envelope of seismic acoustic 
emission signals on the Earth records satisfy  to the 
typified forms of signals inherent in processes of micro - 
and macro destruction and plastic deformation of a firm 
body and rocks, and are characterized by a similar range 
of frequencies and energy. Therefore for lunar records of 
signals with the big amplitude  the seismogram will 
analize on three components. This is a clue for search and 
select of lunar seismograms which is  a result  of a 
multiple reflected waves (MRW) exist. Deep faults of the 
Moon will help to existing of that waves. In accordance 
to property of MRW and lunar faults only code of Z 
component of seismic signal will be contents peculiarity 
which connect with existing of MRW. Really despite of a 
lot of significant spectral peaks of realization codes X 
components kepstrum of this spectrum has not strongly 
pronounced significant peaks and represents smooth  
 

 
 
 
enough falling down curve that testifies to absence in 
researched process of multiple waves, or proves absence 
of lamination (reflecting borders) in a direction X  
component. Thus spectral peaks are caused or free  Moon 
oscillation, or own oscillations of registration region. On 
the other hand, the spectrum of realizations Z making  
has powerful strongly pronounced spectral peaks, as well 
as its kepstrum. The last proves existence of horizontal 
lateral lamination or reflecting borders in region of 
registration which are the reason  appear of a multiple 
reflected waves too. The seismic data of two impact of 
meteorites was used. Statistic analyze (spectrums, 
kepstrums) of all seismograms was presented on 10 
tables but the results of discovered of a multiple reflected 
waves presents by one table where is the comparison 
between  the recorded characteristics times (periods) of 
that waves and  known periods which received from 
known geologic models of the Moon .  
 The general conclusions. 
1. Deep breaks of the Moon promote formation from 
powerful impact sources of multiple waves such as type 
PKiKP, and also РсР etc. 
2. Time characteristics processes of modulation by lunar 
oscillations and multiple waves are an authentic material 
for research of an internal structure of the Moon. 
3. The place of landing of lunar stations is necessary for 
choosing in view of registration of multiple waves. 
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1. Nakamura I . Structure  of the lunar mantl // J/ 
Geophys. Res. 1976. vol. 81,№26. 
2. Toksoz M. Planetary seismology and interiors//Rev. 
Geoph. space phys,1979.Vol.17.№ 7. 
3. Khavroshkin O.B., Tsyplakov V.V. Meteoroid stream 
impacts on the Moon:  information of duration of 
seismograms // Proc. Conf. "Meteoroids 2001" (ESA SP-
495). Noordwijk, The Netherlands: ESA Publ. Division., 
2001. 
4. Koper K. D., Pyle M. L. Observation of PKiKP / PcP 
amplitude ratios and implications for Earth structure at 
the boundaries of liquid core. J of Geoph. Res., Vol.109, 
B03301,2004, p.p.1-13.  
5. Mizutani H. Lunar A Mission. Intern. Symposium on 
Atmospheres and Surfaces of Mars and Venus. The Inst. 
Of Space and Astronautical Science. Sagamihara, 
Kanagawa, Japan, 1993, 241-254 p.p. 
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An overview of the Diviner Compositional Investigation - from the lab to the Moon and back again. N. E. 
Bowles1, B. T. Greenhagen2, T. J. Warren1, I. R. Thomas1, and the Diviner Science Team. 1Atmospheric, Ocean-
ic and Planetary Physics Dept., University of Oxford, Oxford, UK (Thomas@atm.ox.ac.uk), 2Jet Propulsion 
Laboratory, California Institute of Technology, Pasadena, CA, USA. 

 
Introduction:  This presentation will provide an 

overview of the surface compositional investigation 
that forms part of the Diviner Lunar Radiometer Ex-
periment and new laboratory spectra to assist with 
their interpretation.  

In addition to its six channels for albedo and 
temperature sensing, Diviner has three channels be-
tween with spectral band passes centred on 7.8, 8.25 
and 8.53 µm designed to measure the position of the 
Christiansen Feature (CF).  The CF is an emissivity 
maximum that shifts to shorter wavelengths with 
increasing silicate polymerisation and thus provides 
diagnostic information on lunar surface lithology, 
with highest sensitivity to plagioclase and olivine 
composition (Figure 1, [1]). 

 

 
Figure 1:  Ternary diagram of major lunar mineralogy 
with the observed CF values of Apollo sites for compari-
son[from 1]. 

A combination of the fine particulates in the top 
layers of the regolith, differential heating and cool-
ing due to shortwave absorption to depths of a few 
100 µms, and thermal emission from the surface 
impose near-surface thermal gradients in the rego-
lith, leading to shifts in the strength and position of 
the CF (figure 2) and other mid-infrared spectral 
features.  

 
Figure 2:  Schematic of heating to depth by shortwave 
insolation and cooling from the surface, leading to a steep 
near-surface thermal gradient. 

Diviner CF Maps: Diviner maps of silicate min-
eralogy are available via the PDS Geosciences Node.  
These products consist of 32 pixel per degree mosa-
ics for the region bounded by 60°N and 60°S. Two 
products are available: a standard CF map for the 
entire first year of mapping and a map that corrects 
for some latitudinal and local time variations (“nor-
malized to equatorial noon” or NEN) using a subset 
of the dataset [described in 1].  

The Diviner dataset shows significant composi-
tional diversity. These data have been used to identi-
fy new compositional complexity on the lunar sur-
face, including silica-rich (quartz or alkali feldspar), 
unusual plagioclase compositions, and the FeO con-
tent of unsampled pyroclastic deposits [6, 7 and 1]. 
Unlike near-infrared spectroscopy, the CF parameter 
is extremely sensitive the plagioclase abundance and 
can be used to estimate the feldspar-mafic ratio [8]. 

Rigerous quantitative analysis requires a better 
understanding of the behaviour of mineral powders, 
regolith simulants, and Apollo samples measured 
under controlled simulated lunar environment (SLE) 
conditions in labs here on Earth. 

 
 

 
Figure 3:  CF Value Map of Silicate Mineralogy [from 1].  

Laboratory Experiments  To simulate the near-
surface thermal gradient, a new SLE chamber has 
been developed at the Planetary Spectroscopy Facili-
ty (PSF) in the Univeristy of Oxford Department of 
Physics, UK.  

Limited laboratory experiments have been made 
in the past (e.g. [3], [4], [5]) but using the new capa-
bilites at PSF, a more comprehensive study is now 
underway. This study includes a range of lunar ana-
log minerals (quartz, plagioclase feldspars, pyrox-
enes, and olivines), lunar simulants, and returned 
Apollo soils (Apollo 11, 12, 15, 16 x2, and 17). The 
results of this study are critical to an improving the 
interpretation of Diviner compositional data. 

 

between 60°N and 60°S. The field of view of the
instrument causes spatial gaps between orbit
tracks as collected to date; however, Diviner has
comprehensively sampled all major lunar terrains
and continues to increase spatial coverage as the
LRO mission proceeds. To characterize silicate
mineralogy from Diviner spectra, we first binned
and averaged calibrated radiance at 32 pixels per
degree (~1 km per pixel at the equator), calcu-
lated an effective emissivity for each channel,
and then estimated the position of the CF using
a parabolic fit to the three channels (Fig. 1) (16).
High-spectral-resolution laboratory experiments
have shown that a parabola is a good approxi-
mation for the shape of the CF across this re-
stricted wavelength range (11, 16, 21, 22).

We analyzed Diviner 8-mm-region spectra
to determine the maxima of parabolic fits (“CF
values”) and assembled the result into a compre-
hensive map of lunar silicate mineralogy (Fig. 2).
The data were corrected to remove temperature ef-
fects, including anisothermality (topographically
driven subpixel variations in temperature) (16).
Over 90% of the CF values are between 8.04 and
8.36 mm (Fig. 3). The known mineralogical dif-
ferences between basaltic maria with abundant
pyroxene and the feldspathic highlands, which
are rich in plagioclase feldspar, are readily appar-
ent. The observed variability in CF values is also
influenced by space weathering, which is the re-
action of the lunar surface to exposure to micro-
meteorites and solar wind sputtering (23). The
space-weathering effect was not anticipated (18)
and shifts CF values to longer wavelengths with
increasing maturity (longer exposure time on the
surface) relative to fresh “immature” surfaces (16).

Diviner observations are consistent with pre-
vious regional lunar surface observations (4) and
are directly comparable with laboratory measure-
ments of returned lunar soils in a simulated lunar
environment (12, 13, 16). The mean CF values
for highland-dominated areas are shorter than
those for the mare-dominated areas, which are
consistent with the mineralogical differences
between the feldspar-rich lunar highlands of the
Apollo 16 landing site and the feldspar-poor lunar
maria of the Apollo 11, 12, 15, and 17 landing
sites (Fig. 4) (24, 25). The Apollo 14 site, which is
dominated by mafic basin ejecta, has an interme-
diate mean CF value. Although most Diviner ob-
servations fall within the range of typical highlands
and maria, there are locations with unusual CF po-
sitions, 8-mm-region spectral signatures, or both.

In restricted regions that have previously been
shown to exhibit unusually high abundances of the
incompatible element thorium (26), there is evi-
dence of highly silicic material: quartz, silica glass
of similar composition, or sodium- or potassium-
rich (or both) varieties of feldspar. These minerals
are indicators of extremely differentiated lunar
rocks, including granites. Diviner data associated
with these kilometer-scale or larger exposures, and
laboratory measurements of similar materials in
simulated lunar environment, exhibit distinct spec-
tral characteristics owing to CF positions well

shortward of the 8-mm-region channels’ wave-
length range (21, 22). Prior work had highlighted
some of these locations (lunar red spots) because
of their unusual morphologies and anomalous
ultraviolet ratios and because of their unusually
high thorium values (27–30). However, a definitive
compositional diagnosis required direct detection
of the indicator minerals. Glotch et al. (22) have
used Diviner data to perform a comprehensive sur-
vey of the lunar red spots and identify Hansteen
Alpha, Lassell Massif, the Gruithuisen Domes,
and Aristarchus Crater as high-silica features. Be-
cause the volume of silicic rock relative to a basaltic
precursor is small, simple extreme differentiation of
a basaltic magma raises issues of storage and heat
supply to such large magma bodies. This suggests
that basaltic intrusive magmatism may have re-
melted and subsequently differentiated a previously
more silica-rich precursor, such as anorthositic crust
(22). Alternatively, it is possible that the thorium-
rich, high-silica features may represent direct ex-

trusive examples of the incompatible element-
rich residual liquids from the lunar magma ocean.

The silica-rich red spots are confined to a large
region on the lunar nearside called the Procellarum
KREEP (for potassium, rare earth elements, and
phosphorous) Terrane (PKT), where most of the
surface thorium on the Moon is found, and the
presence of high concentrations of heat-producing
elements is invoked to account for the extensive
basaltic volcanism on the lunar nearside (31).
This regionally concentrated heat source plausi-
bly enabled the differentiation that gave rise to
the silicic anomalies. However, we also detected
high amounts of silica outside the PKT in the
Compton Belkovich thorium anomaly on the lunar
far side. Recent Lunar Reconnaissance Orbiter
Camera images show that this location is a low
dome, with unusual morphologies revealed at the
10-m scale (32). Therefore, whatever process gave
rise to these silicic features either did not require
the special thermal conditions of the PKT (such

Fig. 2. CF value map of silicate mineralogy. The color map was chosen to highlight compositional
variability of common lunar terrains and saturate blue or red for unusual compositions (Fig. 3).
This map uses a pyramidal spatial resolution structure between 8 and 0.5 pixels per degree.

Fig. 3. Histogram of Diviner CF values between 30°N and 30°S. Diviner CF values (black trace) have a
bimodal distribution with modal means for highland (blue trace) and mare (red trace) compositions of
8.15 and 8.30 mm, respectively. CF positions were measured in simulated lunar conditions for relevant
minerals (A, anorthite; F, forsterite; and Q, quartz), and ranges for mineral types are included.

17 SEPTEMBER 2010 VOL 329 SCIENCE www.sciencemag.org1508
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Figure 4: The effect of the induced thermal gradient is to 
cause a systematic shift in the position of the CF to shorter 
wavelengths.  The size of the effect can be estimated by 
comparing an Apollo 11 soil sample (<1mm 10084) when 
measured under different local thermal environments.   

References: [1] Greenhagen et al 2010 Science 
vol 329 p1507 10.1126/science.1192196;  [2] Nash 
D. B. et al. 1993 J. Geophys. Res., 98, 23535-23552; 
[3] Henderson & Jakosky 1997 J. Geophys. Res., 
102, 6567-6580; [4] Logan et al. 1973 J. Geophys. 
Res., 78, 4983-5003; [5] Henderson et al. (1996) J. 
Geophys. Res., 101, 14969-14975;[6] Glotch et al 
2010 Science 329, 1510 DOI: 
10.1126/science.1192148; [7] Allen et al 2012, LPI 
Contribution No. 1659, p.1504; [8] Lucey and 
Greenhagen 2012,  LPI Contribution No. 1659, 
p.1736 
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LROC DIGITAL ELEVATION MODELING OF KEY SCIENCE TARGETS. K.N. Burns, T. Tran, M.S. 
Robinson, S.J. Lawrence, E.J. Speyerer, J. Stopar. School of Earth and Space Exploration, Arizona State Uni-
versity, Tempe, AZ, 85281. (knburns1@asu.edu) 

 
Introduction: One of the primary objectives of 

the Lunar Reconnaissance Orbiter Camera (LROC) 
[1] is to gather Narrow Angle Camera (NAC) stereo 
observations to generate digital elevation models 
(DEMs). Although not designed for stereo observa-
tions, off-nadir slews of the spacecraft of ~20° ena-
ble stereo NAC observations acquired from adjacent 
orbits. Since off-nadir rolls interfere with data col-
lection of the other instruments, LROC slew oppor-
tunities are limited to four per day. From an altitude 
of 50 km the NAC acquires images with a pixel scale 
of 0.5 meters and cover approximately 5 km cross-
track by 25 km down-track. The low altitude was 
common during the nominal and first half of the sci-
ence mission (September 2009 to December 2011).  
Images acquired during the commissioning phase 
and those acquired from the fixed orbit (after 11 De-
cember 2011) have pixel scales that range from 0.35 
meters to 2 meters. In order to maintain a vertical 
precision of less than 1 meter and rarely above 2 
meters, the convergence angle between image sets 
are ideally between 12° and 45°.  

Method: A combination of USGS Integrated 
Software for Image and Spectrometers (ISIS) and 
SOCET SET from BAE Systems software packag-
es are used to generate DEMs. ISIS routines ingest 
the images, perform a radiometric correction, and 
export the image data in SOCET SET data format. 
SOCET SET includes a NAC specific a push broom 
sensor model to relate the image space to ground 
coordinates. A bundle adjustment is performed on 
the images to correct for offsets in camera pointing 
using a multi-sensor triangulation (MST) algorithm. 
MST is used to update camera pointing, improve 
registration between areas of stereo coverage, and 
ground truth using tie-points, sensor position, and 
camera pointing. Tie points relate a point in the over-
lapping area of two or more images. Selected param-
eters, such as the position, velocity, and pointing 
angles of the cameras are adjusted so that the root 
mean square errors for all the tie points are mini-
mized. In order to improve accuracy between the 
images and ground truth, Lunar Orbiter Laser Altim-
eter (LOLA) data are used to define the geodetic 
reference frame for the DEMs. The images are shift-

ed in relation to their original latitude, longitude, 
scale, elevation, and horizontal and vertical rotation, 
using a script in MATLAB, in order to better fit the 
LOLA data. 

Once the images are adequately registered to 
each other, as well as the LOLA data, the process of 
extracting DEMs can begin with NGATE (SOCET 
SET- Next Generation Automatic Terrain Extrac-
tion). NGATE performs image correlation and edge 
matching for every pixel in the image to create a 
dense model. The DEM is then resampled to at least 
three times the ground sampling distance of the im-
age (typically 2 meters for nominal phase images) 
[3]. Orthorectified images can be created upon com-
pletion of the DEM using Orthophoto Generation. 
The DEM and orthorectified images are converted 
into ISIS cube format for future analysis. In addition, 
a hill shade image, color shaded relief image, slope 
map and confidence map are provided in GeoTIFF 
format. These products are made using the Geospa-
tial Data Abstraction Library (GDAL).  

Application: NAC DEMs are the highest resolu-
tion topographical data set of the lunar surface. Be-
cause these products provide a three-dimensional 
view of the surface, they can be used for site selec-
tion and hazard avoidance for any future missions. 
Traverse planning can be modeled in order to mini-
mize energy and ensure that time spent on the sur-
face yields a high return of data. Geologists can 
measure parameters such as elevation, slope, and 
volume to place constraints on composition and geo-
logic history to make sure that smaller regions of 
interest can be identified before launch. 

Release: Arizona State University has produced 
DEMs of more than 120 stereo pairs for 11 Constel-
lation Program sites and 50 other regions of scien-
tific interest. The ASU and LROC team have re-
leased a collection of 68 DEMs in January 2012, 
which includes 11 of the 50 CxP sites. We currently 
plan to continue releasing NAC DEMs to the Plane-
tary Data System (PDS) over the next year.  

References: [1] Robinson et. al. (2010) Space 
Sci Rev, 150, 81-124. [2] Cohen, B.A. et al., (2008) 
LPSC XXXIX, Abstract #1640. [3] Tran, T. et al., 
(2010) ASPRS/CaGIS 2010. 

 
 
 
Figure 1.  Products 
derived from NAC 
DEMs include: (A) 
Orthophoto (B) Color 
shaded Relief (C) 
Slope map. 
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LUNAR BISTATIC RADAR OBSERVATIONS USING THE ARECIBO OBSERVATORY & MINI-RF.  D. 
B. J. Bussey1, R. Schulze1, C. V. Jakowatz2, M. Nolan3, R. Jensen1, F. S. Turner1, D. E. Wahl2, D. A. Yocky2, J. T. 
S. Cahill1, R. K. Raney1, G. W. Patterson1, and the Mini-RF Team,   1Applied Physics Laboratory, Laurel MD 
20723, 2Sandia National Laboratory, Albuquerque NM, 3Arecibo Observatory, Arecibo PR. 

 
Introduction:  The Mini-RF team is acquiring bi-

static radar measurements that will test the hypothesis 
that permanently shadowed areas near the lunar poles 
contain water ice.  Additionally these measurements 
can be used for studies of the composition and struc-
ture of pyroclastic deposits, impact ejecta and melts, 
and the lunar regolith.  These bistatic observations 
involve the Arecibo Observatory Planetary Radar (AO) 
transmitting a 12.6 cm wavelength signal, which is 
reflected off of the lunar surface and received by the 
Mini-RF instrument on LRO.  These observations will 
be the first lunar non beta-zero radar images ever col-
lected. 

Rationale:  Typically, orbital radar observations 
use the same antenna to both transmit and receive a 
signal.  The angle between the transmitted and re-
ceived signals, (the bistatic, or beta angle), for these 
observations is therefore zero, these are called mono-
static observations.  By using the AO radar as the 
transmitter and Mini-RF as the receiver, we are collect-
ing data for the Moon with beta angles other than zero.  
These measurements provide the best possible test of 
the water ice hypothesis with current Earth-based 
and/or luanr assets. 

The Circular Polarization Ratio (CPR) is the ratio 
of the powers of received signal in the same sense 
transmitted divided by the opposite sense.  Mini-RF 
transmits a left circular polarized (LCP) signal; a nor-
mal reflection from a dry randomly rough surface is 
dominated by Bragg backscatter, hence it results in 
RCP since in effect it is "single-bounce".  Typical dry 
lunar surface has a CPR value less than unity [1].  
Higher CPR signals can result from multiple-bounce 
backscatter from rocky surfaces or from the combined 
volume scattering and coherent backscatter opposition 
effects (CBOE) from an ice/regolith mixture.  CBOE is 
the interferometric addition of same sense reflections 
caused by ice radio frequency (RF) transparency [2].  
CBOE occurs only around zero phase (beta=0) and 
accounts for both the high CPR and radar brightness of 
ice in typical monostatic radar observation. 

Mini-RF monostatic data shows many craters with 
high CPR values.  Most of these features are associated 
with fresh, young craters and display elevated CPR 
both inside and outside their rims. Some permanently 
shadowed craters near both poles show elevated CPR 
inside the crater rims but low CPR outside the crater 
rim (Figure 1).  These properties are consistent with 
RF backscatter caused by surface roughness in the 
former case and water ice in the latter [1]. 

 
Figure 1. Mini-RF mosaics showing multiple small craters 
on the floor of Peary crater which have elevated CPR values 
only in their interiors (Arrow points to one example).  These 
represent prime candidates for the location of ice deposits.  
The elevated CPR is seen in both the 12.6cm (S) and 4.2 cm 
(X) radar bands. 
 
The physics of radar scattering predict that high CPR 
caused by a rocky surface will be relatively invariant to 
the beta angle, whilst high CPR caused by ice will be 
very sensitive to beta, with elevated CPR values drop-
ping off abruptly at beta angles greater than about 1-2° 
(Figure 2). 

 
Figure 2.  Predicted behavior of CPR versus beta angle for 
both rock terrains and an ice/regolith mixture. 
The exact shape of the CPR-β curve for an ice-regolith 
mixture is a function of the amount and purity of the 
ice.  However we do not need to measure this curve to 
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differentiate between high CPR from rocks versus ice, 
by measuring at beta angles in the 5°-10° range we are 
definitely in the right hand portion of this plot, i.e. a 
rocky surface will have a significantly higher CPR 
than an ice/regolith mixture. Acquiring observations of 
high CPR at beta angles larger than about 5° would 
validate the theoretical physics that predicts such be-
havior.  Once validated, then this offers robust ice/non-
ice discrimination by radar measurements. 

Method:  A key to a successful bistatic observations 
is the ability to distinguish the desired bistatic signal 
from the direct path and forward scatter signals (Figure 
3). 

 
To this end the Mini-RF/AO team conducted a low-

power (35 W transmitter) bistatic collect in April 2011.  
Analysis of data, by colleagues at Sandia National La-
boratories (SNL), has shown that we were successful. 
Figure 4 shows some initial analysis of the data. 

 
Figure 4. Initial analysis from the low-power bistatic test.  
The key point is that we are able to distinguish between the 
forward scatter, direct-path and bistatic signals. 
 
Further analysis by SNL permitted the generation of 
images of both polarizations, together with some key 
derived products (Figure 5). 

"
Figure 5. Low-power bistatic data images including both 
polarizations, S1 and CPR products.  The top image is a 
Clementine mosaic of the same region. 

Planned Observations: Mini-RF has instigated an 
Arecibo high-power bistatic campaign. This involves 
imaging both polar, and non-polar targets that have 
high monostatic CPR values.  By acquiring non beta 
zero data of equatorial high-CPR regions (which we 
can safely assume have high CPR due to the presence 
of surface rocks) we can confirm the hypothesis that 
high CPR caused by rocks is reasonably invariant to 
the beta angle (red curve in Figure 1). The first high-
power bistatic collect was undertaken on February 24th 
2012. 

The plan is to conduct multiple observations of po-
lar craters that show enhanced monostatic CPR values 
in their interiors.  To first order we will be looking to 
see if regions that have high CPR values in the mono-
static data have high or low values in the bistatic data.  
If we find areas that become low only in the bistatic 
data then this provides strong supporting evidence that 
these are ice deposits.  Initially we will attempt to ac-
quire data in the β=~5-10° range. At these angles we 
expect there to be a clear high-low difference in CPR 
values for rocks versus ice. 

Conclusions: Using Arecibo and Mini-RF we will 
collect the first ever planetary bistatic radar images at 
non β=0 angles.  These data will provide a unique new 
piece of evidence to determine if the Moon’s polar 
craters contain ice.  We have a technically sound ap-
proach and have validated the concept by conducting 
the AO low-power test. Essentially we have now 
demonstrated a completely new instrument mode, ca-
pable of exciting and quite different science. This has 
not been done before for other planets, and will pro-
vide information on both polar ice and lunar surface 
roughness/dielectric constants.  

References: [1] Spudis P. D. et al., GRL 2010. 
[2] Campbell B. et al., Nature, 2006 [3] Black et al., 
Icarus, 2001 
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Introduction:  ESA’s Human Space Flight and 

Operations directorate is continuing with preparations 
for its Lunar Lander project. The Lunar Lander is an 
unmanned precursor mission to future human explora-
tion, whose purpose is to drive the development of key 
technologies and generate scientific knowledge that 
will position Europe as a participant in future explora-
tion of the Moon and beyond.  

The primary objective of the mission is to demon-
strate soft precision landing with hazard avoidance. 
Once on the surface the mission provides an opportuni-
ty for the operation of a scientific payload which ad-
dresses the major unknowns for future exploration ac-
tivities.  

The mission targets a landing site close to the Luna 
r south pole in order to demonstrate precision landing 
and to make use of the favorable illumination available 
at key locations in this region. A detailed description of 
landing site identification and characterisation is pro-
vided in a parallel presentation [1]. 

The mission has been studied at Phase B1 level 
with Astrium (Bremen) as the prime contractor, since 
August 2010.  

 
Figure 1. Artist’s impression of the ESA Lunar Lander 

at the Lunar South Pole. 
 
Scientific topics for investigation: The scientific 

topics that have been defined for the mission empha-
sise areas which will be of importance for the future of 
exploration but where significant unknowns remain. 
These include the integrated dusty plasma environment 
at the surface of the Moon and its effects on systems 
[e.g. 2]; lunar dust as a potential hazard to systems and 
human explorers [e.g. 3]; potential resources which can 

be utilized in the future including both volatiles (e.g. 
water) and those derived from minerals; and radiation 
as a potential hazard for human activities. Each of the-
se topics is supported by an independent science Topi-
cal Team. These Topical Teams continuously review 
the science requirements and activities of the mission 
in the wider context of research into a scientific topic 
including other space platforms and research in terres-
trial laboratories.  

Model payload: In order to address these scientific 
topics and meet the associated requirements a model 
payload has been defined. This model payload is used 
to inform the mission study in advance of a formal se-
lection in order to ensure that challenges associated 
with accommodating candidate experiments are proper-
ly accounted for. In addition the model payload pro-
vides a reference point for further investigations into 
optimal ways to address unknowns associated with the 
identified scientific topics. A list of instruments in the 
model payload is provided in Table 1.  

The model payload includes a number of experi-
ments for which design effort and further definition is 
required. In addition optimization of both scientific 
return and utilization of mission resources can be ac-
complished through increased integration of instru-
ments with synergistic operations and scientific out-
puts. In order to address these issues a number of activ-
ities are ongoing to investigate packages of instru-
ments. As well as detailing the scientific measurements 
to be made at the surface of the moon, these payload 
studies provide preliminary concepts for payloads, 
identify the major challenges for their development and 
ensure that the mission study properly accounts for the 
payload and its interfaces. The payloads under study 
are described below and are included in Table 1.  
The Lunar Dust Analysis Package (L-DAP) is an in-
strument package to determine the microscopic proper-
ties of lunar dust including the size distribution of par-
ticles from tens nm – 100s µm, the shape and structure 
of grains, chemical and mineralogical composition of 
particles. The activity builds on significant experiment 
heritage obtained through the MECCA experiment 
package developed for NASA’s Phoenix mission (orig-
inally defined as a human exploration precursor exper-
iment) [4], the microscope developed for Beagle 2 [5] 
and MicroOmega on Exomars, the Raman-LIBS ele-
gant breadboard developed in the frame of Exomars 
[6]. 
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The Lunar Dust Environment and Plasma Package 
(L-DEPP) is a package to determine the charging, levi-
tation and transport properties of lunar dust, in-situ on 
the Moon, and the associated properties of the local 
plasma environment and electric fields. Measurements 
include charges, velocities and trajectories of levitated 
dust particles, the temperature and density of the local 
plasma, electric surface potential, and observations of 
the radio spectrum (with an additional goal to prepare 
for future radiation astronomy activities). The L-DEPP 
study builds on extensive heritage in instrumentation 
for measurement of space plasmas and the associated 
environments, dust instrumentation and expertise in 
radio astronomy [e.g. 7 – 11]. 

The Lunar Volatile Resource Analysis Package (L-
VRAP) is a package to measure the species of volatiles 
present close to the lunar surface, their abundance and 
distribution and demonstrate their extraction. The pri-
mary mechanism for performing such an analysis is 
expected to be mass spectroscopy, although additional 
complimentary measurements may be considered.  The 
potential effects of contamination by the Lander may 
be critical and so quantifying the likely contamination 
and its effects are also being investigated.  The system 
applied in the model payload is derived from the Gas 
Analysis Package on Beagle 2 [12] and the Ptolemy 
Instrument on Rosetta [13]. 

Summary: We report on the status of the ESA Lu-
nar Lander mission, emphasizing related science and 
payload activities.  

References: [1] De Rosa et al. (2012) LPSC [2]  
Horanyi and Stern (2011) PSS [3] Khan-Mayberry 
(2008) Acta Astronautica [4] Hecht et al. (2008) JGR, 
[5] Thomas et al. (2004) PSS [6] Courreges-Lacoste et 
al. (2007) Molecular and Biomolecular Spectroscopy 
[7] Srama et al. (2007) Dust in Planetary Systems [8] 
Grün et al (2009) Experimental Astronomy [9] 
Holback et al (2001) Ann. Geophys. [10] Eriksson 
(2007) Space Sci. Rev. [11] Rothkaehl et al (2008) 
Journal of Atmospheric and Solar-Terrestrial Physics 
[12] Wright et al (2000) LPSC [13] Todd et al (2007) 
Journal of Mass Spectroscopy. 

 
  

 
Table 1. Model payload applied in the Lunar 

Lander mission study prior to formal selection and 
experiment packages currently under investigation. 

Package Instrument 
Lunar Dust Analysis Package  
(L-DAP) 

AFM 
Micro Raman-LIBS 
Microscope 
External Raman-LIBS   

Lunar Dust Environment and 
Plasma Package (L-DEPP) 

Dust Sensor 
Langmuir Probes 
Radio Antenna 
Ion/Electron Spectrometer 

Lunar Volatile Resource 
Analysis Package (L-VRAP) 

GCMS 
Ion trap mass spectrometer 
(TBD)  

Other experiments not 
studied within packages 

Panoramic stereo camera 

High resolution camera 
Robotic arm camera 
Radiation monitor 
Dust chemical reactivity  

Other Payload Mobile payload experiment 
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Introduction:  Lunar Dust is well known as a haz-
ard for lunar exploration due to its invasive, fine 
microscopic structure and toxic properties. Gene 
Cernan (the last man on the moon) summarized it 
neatly ; "You have to live with it but you're continu-
ally fighting the dust problem both outside and in-
side the spacecraft[i]”. 
Conversely it also presents a potential resource 
which could be exploited if the characteristics and 
chemical composition is well known. Scientifically, 
the regolith provides an insight into the moon for-
mation process and there are areas on the Moon 
which have never been explored before. For example 
the Lunar South Pole Aitken Basin is the oldest and 
largest on the moon, providing excavated deep crust 
which has not been found on the previous lunar land-
ing missions  
 
The SEA-led team has been designing a compact 
package, known as LDAP, which will provide key 
data on the lunar dust properties. The intention is for 
this package to be part of the payload suite deployed 
on the ESA Lunar Lander Mission in 2018. The 
LDAP has a centralised power and data electronics, 
as well as sample handling subsystem for the follow-
ing set of internal instruments : 

• Optical Microscope -  with a 1µm resolution to 
provide context of the regolith samples 

• Raman and LIBS spectrographic instrumentation 
– providing quantification of mineral and ele-
mental composition information of the soil at 
close to grain scale. This includes the capability 
to detect (and measure abundance of) crystalline 
and adsorbed volatile phases, from their Raman 
signature. The LIBS equipment will also allow 
chemical identification of other ejecta in the vi-
cinity of the Lander. 

• Atomic (Magnetic) Force Microscope – provid-
ing nano-scale measurement of the fine particles 
and presence of nanophase Fe which is potential-
ly toxic to humans 

• Lenseless Microscope, a novel, low mass tech-
nology based on combining diffraction patterns 
to give high resolution 3D images of the sample. 

 
 
This paper presents the technological challenges and 
trade offs arising from meeting the mission require-
ments. The issues associated with sample handling 
performed on a low mass budget are discussed, and 
the use of micro-machining and MEMS technology 
is covered. The paper also discusses the harsh envi-
ronmental conditions at the Lunar South Pole and the 
impacts this has on the operation and survivability of 
an externally mounted package. 

The expected performance of the whole package, 
including the use of LIBS under lunar vacuum con-
ditions is also presented. 
 
                                                                    

i Gene Cernan, Apollo 17 Debrief 
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Introduction:  The recent detection of water on 

large areas of the lunar surface [1] has far-reaching 
consequences for the feasibility and design of future 
human exploration missions to the Moon. The data 
suggest that water is widely distributed across the 
lunar surface, shattering the long-held belief that 
water ice could only be present in permanently shad-
owed craters. Average water contents could amount 
to several tenths of percent in the top millimeter of 
lunar soil, with higher concentrations possible local-
ly [1]. 

The presence of water at the lunar surface has po-
tential implications for in situ resource utilization 
(ISRU) in future lunar exploration both as a resource 
in itself and also as a source for oxygen and hydro-
gen for fuel, through electrolysis. If water is present 
in significant quantities in the lunar soil then its ex-
traction as a resource might be feasible.  

Confirming and refining these findings by in situ 
measurements will be a top scientific priority of fu-
ture lunar missions. Raman spectroscopy is dedicat-
ed to the molecular analysis and can provide miner-
alogical context analysis as well as water content 
assessment. LIBS permits identification of the ele-
ments present in the sample using their characteristic 
spectral lines, thus is suitable to measure water via H 
content. We are exploring whether in situ analyses 
using a combination of Raman and Laser Induced 
Breakdown Spectroscopy (LIBS) could be used to 
qualitatively and quantitatively detect water in the 
lunar soil.  

As a first step, we have initiated a sensitivity 
study on analogue lunar surface materials to deter-
mine detection limits of water contents, using a 
combined Raman/LIBS instrument previously de-
signed for the ExoMars mission (e.g. [2]). Three 
main activities will be undertaken in this project: (A) 
Minor modification of the VU University Amster-
dam Mars simulation chamber to enable Raman and 
LIBS analyses under lunar surface pressures (B) 
Synthesis and characterisation of a range of lunar 
soil compositions, representative of the chemical 
variability found on the lunar surface, with different 
water contents. Bulk compositions will include those 
of low-titanium and high-titanium basalt end-
members as identified by Apollo samples, as these 
span the likely range of volcanic rock compositions 
found at crater rims. (C) Sensitivity studies of water 
content measurements in these synthetic samples 
using the combined Raman/LIBS instrument. Fourier 
Transform Infrared spectroscopy analyses will be 
used as an independent check of water content. We 

intend to specifically quantify the effects of operat-
ing conditions, pressure, temperature, target compo-
sition and target grain size on measurement sensitivi-
ty for both Raman and LIBS. 

This work is funded by the Netherlands Space 
Office (PI Preparatory Programme grant to WvW). 

References: [1] Pieters CM, Goswami JN, Clark 
RN et al. (2009) Science 326, 568-572. [2] Laan EC, 
Ahlers B, van Westrenen W, et al. (2009) Proceed-
ings of SPIE 7441, 744114. 
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Introduction: An ambitious programme of lunar 

exploration will reveal much of astrobiological in-
terest (for reviews see [1,2,3,4] and references 
therein). Examples include:  
 
(i) Better characterisation of the impact cratering  
rate in the Earth-Moon system, with implications for 
understanding the possible 'impact frustration' of the 
origin of life;  
 
(ii) Records of the solar wind and galactic cosmic 
ray fluxes preserved in ancient regolith (‘palaeore-
golith’) deposits, which may provide information on 
the evolution of the Sun and the changing galactic 
environment of the Solar System throughout its his-
tory;  
 
(iii) Preservation of ancient meteorites blasted off 
Earth, Mars and Venus, which may preserve evi-
dence of the early surface environments of these 
planets, as well as constraining models of lithopans-
permia;  
 
(iv) Preservation of samples of the Earth’s early at-
mosphere not otherwise available;  
 
(v) Preservation of cometary volatiles and organics, 
and/or radiation-driven prebiotic chemistry, in per-
manently shadowed polar craters; and  
 
(vi) Preservation (or otherwise) of microorganisms 
and organics in the remains of spacecraft left on the 
lunar surface for up to fifty years [5], which will 
provide insights into planetary protection, pansper-
mia, and the survival of life in the space environ-
ment.  

 
Accessing the record: Focussed robotic mis-

sions to the lunar surface, such as ESA’s proposed 
Lunar Lander [6] and the Lunar Beagle concept [7], 
will be able to address a number of these questions 
(especially those relating to the retention of volatiles 
and organics in cold polar regoliths). However, fully 
accessing thie lunar geological record of relevance 
to astrobiology will be greatly facilitated by the sci-
entific infrastructure, on the spot decision making, 
enhanced surface mobility, and sample return capac-
ity that would be provided by renewed human opera-
tions on the lunar surface. Specific architectural re-
quirements will include: 

 
(i) The ability to conduct ‘sortie-class’ expeditions to 
multiple localities;  
 

(ii) Provision of surface mobility with a range of at 
least 100 km (ideally provided by a pressurized 
rover);  
 
(iii) The means to detect and sample buried palaeo-
regolith deposits, with their potentially rich record of 
Solar System history [8,9]. For detection, ground 
penetrating radar may be a suitable technique; for 
access, unless suitable outcrops can be located, pro-
vision of a drilling capability to c. 100m depths may 
be required); and 
 
(iv) Provision of adequate sample collection and 
return capacity (roughly estimated at several hun-
dred kg per sortie). 
 
These requirements are compatible with those pro-
posed by the recently developed ISECG Global Ex-
ploration Roadmap [10]. It follows that a greatly 
improved understanding of the origin, history, and 
distribution of life in the Solar System would be a 
key scientific benefit of implementing this Roadmap. 

 
Conclusion: The lunar geological record un-

doubtedly contains much of astrobiological interest, 
and properly accessing it will benefit from renewed 
human operations on the lunar surface. Moreover, 
such a programme of human lunar exploration will 
build up capabilities required for the later human 
exploration of Mars, which may also be expected to 
yield important astrobiological discoveries. Given 
that these astrobiological benefits are only a sub-set 
of all scientific reasons for wanting to explore the 
Moon, which include other areas of planetary sci-
ence and astronomy not discussed here, the totality 
of the scientific case for a robust programme of lunar 
exploration, as envisaged by the Global Exploration 
Roadmap [10], appears to be overwhelming. 

 
References: [1] Crawford I.A. (2006) Internat. 

J. Astrobiology, 5, 191-197. [2] Gronstal A. et al. 
(2007) Astrobiology, 7, 767-782. [3] Cockell C.S. 
(2010) Earth, Moon Planets 107, 3-10. [4] Crawford 
I.A. (2010) Astrobiology, 10, 577-587. [5] Glavin 
D.P. et al. (2010) Earth, Moon Planets 107, 87-93. 
[6] Carpenter J.D. et al. (2010) Earth, Moon Planets 
107, 11-23. [7] Gibson E.K. et al. (2010) Earth, 
Moon Planets 107, 25-42. [8] Crawford I.A. et al. 
(2010) Earth, Moon Planets 107, 75-85. [9] Fagents 
S.A. et al. (2010) Icarus, 207, 595-604. [10]The 
Global Exploration Roadmap; 
http://www.nasa.gov/pdf/591067main_GER_2011_s
mall_single.pdf  .  
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Introduction:  The unique science results 

that have been obtained by Lunar Laser Ranging 
Program (LLRP) using the Apollo retroreflectors 
[1] and the science we expect to obtain with the 
Lunar Laser Ranging Retroreflector Array for the 
21st Century (LLRRA-21) will be discussed.  This 
includes the discovery of the liquid core of the 
moon and an evaluation of its size, shape and oth-
er properties.  The liquid core has been recently 
confirmed by the reanalysis of Apollo seismology 
data by Renee Weber. The LLRP has also provid-
ed the best measurements for many of the other 
lunar properties, of the crust and the interior. 

Current Challenge: While the Apollo 
retroreflector arrays are still in operation and con-
tinue to produce new state-of-the-art science re-
sults, the combination of the lunar librations and 
their design limit the range accuracy that may be 
obtained for each single photo-electron (SPE) re-
turn to ~20 mm. When the array of 100/300 Cube 
Corner Reflectors is tilted due to the librations, the 
return laser pulse is spread, reducing the accuracy 
of the SPE measurement. 

Next Generation Lunar Retroreflector: The 
University of Maryland, who was the PI for the 
Apollo arrays, is developing a next generation lu-
nar retroreflector (e.g., the Lunar Laser Ranging 
Retroreflector for the 21st Century or LLRRA-21) 
[2]. This holds promise for significant improve-
ments in the understanding of the deep interior of 
the moon, that is, the liquid and solid core, the 
core mantel boundary and the inner mantle.  

Deployment Issues: The magnitude of these 
improvements expected from the LLRRA-21 will 
depend critically on the method of robotic de-
ployment. Three candidate methods of deploy-
ment: 1) On the lunar lander, 2) On the lunar sur-
face and 3) Anchored one meter in the regolith [3].  
The advantages, disadvantages and method of im-
plementing these approaches will be reviewed.  
This will particularly address the implementations 
that can be supported by the Google Lunar X Prize 
flights of the next couple of years.  

Thermal Behavior: The thermal behavior of 
the LLRRA-21 is critical to the ability for multiple 
ground stations to effectively conduct a ranging 

program over a full lunation cycle.  To address 
this has required the developments of an extensive 
simulation using a sequence of programs, includ-
ing IDL, Thermal Desktop and Code V.   

Return Signal Level: The expected magni-
tude of the return signal from these optical/thermal 
simulations will be described in detail. The ex-
pected signal return will be similar to signal return 
that is currently being obtained from the Apollo 15 
array.  The design parameters required to obtain 
this performance will be described, with an illus-
tration of the expected performance for the various 
conditions.  With this information, we can evalu-
ate the capability of various ground stations to 
conduct regular ranging programs.  

Ground Station Capabilities: This will ad-
dress the number of ground stations that can be 
expected to contribute and the frequency of obser-
vations what would be available for the science 
analysis. A brief discussion will address the re-
quired hardware upgrades for obtaining millimeter 
normal points.  

Lifetime Issues: Finally, the lifetime issues 
related to the Apollo arrays and the design of the 
LLRRA-21 will be discussed.  Apparently a dust 
deposit has significantly reduced the signal level 
that be obtained from the Apollo arrays.  The de-
signs to ameliorate these effects will be described. 

Thermal Vacuum Testing: The package has 
been tested in the SCF, a unique facility developed 
at the INFN-LNF expressly for the evaluation of 
retroreflectors [4]. It provides optical and thermal 
sensing of the performance under solar simulation. 

Acknowledgments: This work has been sup-
ported by the LUNAR team of the NASA Lunar  
Science Institute and by the INFN-LNF and ASI. 
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Introduction:  Dhofar 1442 is a mingled lunar 

meteorite that contains abundant KREEP material. 
Some KREEP gabbro-noritic clasts possibly pre-
served their primary igneous texture. Here we report 
first data on petrography of the rocks and U-Pb ages 
of some of them. Recently we reported U-Pb ages of 
zircon fragments from the Dho 1442 meteorite [1]. 
The ages coincide with results recently published by 
Zhou et al. [2]. 

Methods:  Chemical composition of the mineral 
phases was studied using the Cameca SX-100 mi-
croprobe (Vienna, Austria). Four zircon grains (8 
analyses) were dated by the U-Th-Pb method using 
LA-ICPMS (Element 2) (Moscow, Russia) against 
the GJ and 91500 zircon standards. Zr content was 
used as the inner standard. The diameter of the laser 
beam was 30 Pm. Obtained data were reduced using 
the Glitter and Isoplot softwares.  

Results:  Zircon grains were found in lithic 
clasts containing a KREEP component. These rocks 
are norites, gabbro-norites and gabbro having gra-
noblastic to subophitic textures [1]. However four 
lithic fragments (0.5-3 mm in size) have possibly 
primary igneous textures (Fig. 1). They consist of 
coarse (50-200 µm in size) isometric pyroxene 
grains embedded into a fine-grained feldspathic ma-
trix. Most pyroxenes (30-40% of the rocks) are 
coarsely exsolved and evenly distributed in the ma-
trix. Similar pyroxenes are present in some rocks of 
the alkali suite [e.g., 4]. Some pyroxenes are present 
as poikilitic crystals. The matrix (60-70% of the 
rocks) has a subophitic to ophitic texture and con-
sists mainly of subhedral to lath-shaped plagioclase 
and a minor amount of mesostasis represented by 
granophyre intergrowths, silica or a K,Si-rich glass. 
Occasionally K-rich feldspar forms bands in the pla-
gioclase. Ilmenite, apatite and zircon are present as 
accessory minerals. Needle-shaped or subhedral il-
menites (~1-2%) occur often in a direct contact with 
zircon grains. Most zircons are small (up to 20 µm) 
subhedral or skeletal crystals (Fig. 2) but two of 
them are large angular grains (100-150 µm in long 
dimensions). One grain has poikilitic plagioclase 
inclusions (Fig. 3). 

In mineral composition the rocks of possibly ig-
neous origin are not distinguishable from other 
KREEP gabbro-noritic rocks of the meteorite [1] 
(Fig. 4). Pyroxenes of the rocks are restricted in 
MG# number within each clast, but differ from one 
lithic fragment to another one. They are mainly pig-
eonites (En44-58Wo5-13) and augites (En38-41Wo40-42), 

however orthopyroxenes (En51-58Wo3-5) are present 
also (Fig. 4). In contrast to pyroxenes plagioclases 
are rather variable in composition (An76-92Or0-5) (Fig. 
5). K-rich feldspar is An76-92Or0-5. 

 
Fig. 1. BSE image of KREEP gabbro-noritic clast of pos-
sibly igneous origin. 

 
Fig. 2. Skeletal zircon crystal in a contact with ilmenite 
(reflected light). 

 
Fig. 3. Zircon grain with poikilitic plagioclase inclusions 
(reflected light). 
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Ilmenites contain 2.2-3.6 wt.% of MgO, 0.3-0.5 
wt.% of Nb2O3 and up to 0.3 wt.% of ZrO2. Zircons 
are characterized by a presence of 0.1-0.5 wt.% of 
Y2O3 and 1.2-1.7 wt.% of HfO2, 8-45 ppm of Th and 
24-69 ppm of U. Such minor element concentrations 
are common for zircons of KREEP mafic rocks [3]. 

U-Pb dating.  Three zircon grains of a biggest 
clast and one zircon grain from a smaller one were 
dated. Small grain size of some zircons and the pres-
ence of abundant inclusions in one analyzed grain do 
not obstruct measurements because there is no radi-
ogenic Pb in associated phases. All measured zircon 
grains have concordant or nearly concordant ages 
(discordance is up to 8%) of 3951±35 Ma. The value 
coincides well with the previously reported age of 
the “young” group [1,2] (Fig. 6).  

Discussion.  The Dho 1442 zircon ages are from 
3.8 to 4.4 Ga [2] and suggest therefore a prolonged 
KREEP magmatism. A similar age range was estab-
lished for Apollo 14 and NWA 4485 lunar meteorite 
zircon grains [5,6]. Two major age peaks are present 
in Dho 1442 meteorite: ~3.9 and ~4.3 Ga [1,2]. Min-
eral modes of the studied KREEP gabbro-noritic 
rocks and the low Th and U contents of their zircons 
are similar to those of the KREEP mafic rocks. It 
suggests that the ~3.95 Ga age may date a major 
event of the KREEP mafic magmatism. 

The 4.3 Ga zircons occur as loose individual 
grains in the matrix [1,2] or in impact melt breccia 
clasts [2]. It assumes that their precursor rock was 
heavily crashed during impact processes. The 4.3 Ga 
event is recorded in zircons of Apollo 14 and 17 
granophyres [3,5]. So we suggest that granophyric 
rocks are the best candidates for the “old” zircon 
group. Granophyric rocks and granitic glasses are 
clearly present in Dho 1442. Abundant Fe-rich py-
roxene (Fig. 4) and silica fragments  which are near-
ly absent in the lithic clasts occur in the matrix and 
probably represent also products of the granophyre 
destruction. Th and U contents of the “old” zircons 
are typical for zircons of the granophyres and higher 
(mainly 100-300 ppm of Th and 150-400 ppm of U) 
than those of the “young” group [3]. 

If it is true, than magmatism in the source region 
of Dho 1442 could change in composition from gra-
nophyric to KREEP gabbro-noritic during 4.3 – 3.9 
Ga.  
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Fig. 4. Pyroxenes of Dho 1442. Clasts #1-4 are KREEP 
gabbro-noritic clast of possibly igneous origin. 
 
 

 
Fig. 5. Plagioclases of Dho 1442.  
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Fig. 6. Wetherill concordia plot with the data of “young” 
group of zircons from Dho 1442. 
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Introduction:  The production one of the Google 

Lunar X Prize contestants, Team Puli Space’s rover 
is at its first stage. The design of a spacecraft (in this 
case the Puli-1) must reflect the nature of its mission, 
so a rover should be built to be able to explore the 
area where it has descended. Team Puli Space, coop-
erating with the Hungarian Eötvös Loránd Universi-
ty of Science is now building a ground modeling 
table, reflecting the morphology of the proposed 
landing sites. This will be used for professional and 
educational purpose, participating in the Hungarian 
educational space probe program “Hunveyor”. 

Landing site candidates: At this stage of the 
mission, Team Puli Space has nine landing site can-
didates. These are all mare, or morphologically simi-
lar areas, where a relatively safe landing can be car-
ried out (Fig. 1). The selection process included geo-
logical and future human exploration aspects too, so 
was for example Moretus (Fig.1/9) and Von Kármán 
(Fig. 1/8) chosen. At the bottom of Moretus’s deep 
craters ice deposits are possible to exist, and Von 
Kármán is significant in the field of Helium-3 min-
ing [1] – and also it would be the first lunar probe 
landing on the far side of the Moon. 

For more information see: [2]. 

Morphology of the proposed landing sites:  
These areas are could be considered as “typical” 
mare areas. Their surface is relatively flat with a low 
crater density. The overall changes of altitude are 
low, and small craters having steep rims are scarce. 
A good example is the Plato (Fig. 2). Our planned 
descent method – after slowing from orbital speed – 
is the use of air bags, thus making a 3-4 km long 

“jumping” strip for the instrument. It is vital, that no 
obstacles or deep craters get into the way. 

Ground modeling table: We planned a 32 m2 
ground modeling table to simulate this type of mor-
phology. It consists of three (2+1) elements, each to 
test different aspects of lunar morphology (Fig. 3). 

Segment 1. is made directly to reflect the mare 

morphology. We used “typical” values to determine 
the size of the used craters, so we made them with 
the following radii: one with 2,5 m,  one with 1 m, 
one with 0,75 m, one with 0,5 m and two with 0,3 m 
[3]. Creating bigger forms than these have relatively 
low steepness, so they can be simulated on Segment 
2. According to earlier publications (for example 
Anselmo et. al. 1976 [4] and Calinn et. al. 2011 [5]) 
the depth-diameter ratio can be calculated with the 

Figure 1: The map of the proposed landing sites 
of Team Puli Space 

1: Schiller-crater, 2: Aristarchus, 3: Plato 
4: Mare Humorum, 5: Mare Cognitum 

6: Mare Humboldtianum 7: Thomson-crater 
8: Von Kármán 9: Moretus 

Figure 2: A sample of the Plato 
LROC ID: M111659579LE 

Figure 3: The three segments of the ground mod-
eling table, and two different stages of Segment 

3. 
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following: d=0,68D0,44 so – in our experience –  the 
steepness of a crater wall bigger than 3 m wouldn’t 
affect greatly the movement capabilities of the rover. 
Following this ratio, a slope of a 3 m radius crater is 
34 % steep, while one with 10 m radius  is 23 % - 
and the slope of one with 20 m radius is only 15 %. 

These values can be simulated on Segment 2, 
what is an adjustable slope, capable of simulating 
any values from 0 % to (a rather pointless) 200 %. 
The area of this segment is 3,4 m x 4 m (13,6 m2). 

Segment 3. (alternatively Segment 2+1) is a sub-
segment of Segment 2., what is also adjustable, so 
we can simulate quick changes in the morphology. 
The material covering the surface of this segment is 
variable with changeable plates, while on Segment 1 
and 2 it is constant (see later). These plates can have 
different size of material from 0,2 mm to 50 mm, so 
we can test the movement capabilities of the rover on 
different slopes covered with different grain-sized 
material.  

Lunar soil analogy: Many publications are writ-
ten in this topic, but most of them are focusing on 
the engineering of new ones, and not on the analysis 
of natural or differently used material with approxi-
mately the same grain size distribution. The most 
common material used for this task is JSC-1 [6], but 
the already produced amount is limited. We tried to 
find new analogies, considering different materials 
common in Hungary. 

We analyzed grinded limestone used for cement 
production (Fig. 4/A), grinded glass fiber (Fig. 4/B) 
and hydrated alumina – Al(OH)3 (Fig. 4/C). We ana-
lyzed the shape of the particles and the density of the 
material.  

In our experience, the grinded glass-fiber turned 
out to be too dense and the particles were sticking 
too hard to each other. The grinded limestone 
showed better characteristics, but only when the par-
ticles distributed according to their size. With a small 
mixing – even by gravitational movement – they 
started to show similar attributes to the grinded glass 
fiber, rendering the sample useless to lunar soil 
simulation. 

The mechanical properties of the hydrated alumi-
na was – to our surprise – very similar to the one of 
the lunar soils. Detailed results are still to be made, 
but in general we can tell, that from this aspect it’s 
very similar - so future analysis is planned. 

Analogy area for the surface mission: We are 
also trying to find an area, where we can test the 
communicational and piloting software of the Puli-1. 
The terrain should reflect – if only roughly – the 
Lunar surface conditions.  

Right now our primary candidate is a bauxite-
mine in Gánt, Hungary (Fig. 5) which was already 
used by other Hunveyor teams as Lunar or Martian 
analogy.  

References: [1] In: S. A Stern – Worlds Beyond; 
H. H. Schmitt (2002) Return to the Moon!, 76-84. [2] 
M. Deák (2011) LPSC XLII. Abstract #1410 [3] 
Neukum, G.; Koenig, B.; Arkani-Hamed, J.; (1975) 
The Moon vol. 12. pp. 201-2209. [4] Anselmo, J. C.; 
Rehfuss, D. E.; Kincheloe, N. K.; Michael, D.; 
Wolfe, S. A. (1976) LPI Conference 1976. 13-17 
September [5] Kalynn, J.; Johnson, C. L.; Osinski, G. 
R.; Barnouin, O. LPSC XLII. Abstract #1514 [6] 
McKay, D. S.; Carter, J. L.; Boles, W. W.; Allen C. 
C.; Alton, J. H. (1994) Engineering, Construction, 
and Operations in Space IV. pp. 857-866 
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Figure 4: The images were captured by a ZEISS 
axioskop with partially crossed nicols 

A: Grinded limestone B: Grinded glass fiber 
C: Hydrated alumina 

Figure 5: Gánt, Hungary 
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LUNAR METEORITE Y-82192, HELIUM-3, AND THE LUNAR CRATER GIORDANO BRUNO. -��
)ULW]�DQG�9��$��)HUQDQGHV��0XVHXP�I�U�1DWXUNXQGH��/HLEQL]�,QVWLWXW�DW�+XPEROGW�8QLYHUVLW\��%HUOLQ��,QYDOLGHQ�
VWU������������%HUOLQ��*HUPDQ\��MRHUJ�IULW]#PIQ�EHUOLQ�GH�����

�
�
Introduction: 7KH�����OXQDU�DQG����PDUWLDQ�PH�

WHRULWHV� >�@� UHYROXWLRQL]HG� RXU� XQGHUVWDQGLQJ� RI� WKH�
HIILFLHQF\� WR� GHOLYHU� URFN� IUDJPHQWV� IURP�0DUV� DQG�
WKH�0RRQ� WR� (DUWK� >L�H�� ���@�� 7KH�0RRQ� KDV� QR� DW�
PRVSKHUH� WKDW�GHFHOHUDWHV�SDUWLFOHV�DQG�WKXV�HYHQ����
WKH�VPDOOHVW�SURMHFWLOHV�LPSDFW�WKH�OXQDU�VXUIDFH�ZLWK�
FRVPLF�YHORFLWLHV�DQG����WKH�VPDOOHVW�KLJK�VSHHG�HMHF�
WD�FDQ� OHDYH� WKH�JUDYLW\�ZHOO�RI� WKH�0RRQ��7KXV��OX�
QDU�LPSDFW�HMHFWD�DUULYLQJ�RQ�(DUWK�DUH�QRW�OLPLWHG�WR�
URFN�VL]HG�IUDJPHQWV��EXW� LQFOXGH�DOVR�GXVW��7KLV�OX�
QDU� GXVW�ZDV�QRW� UHSRUWHG� IURP� WKH�FROOHFWLRQ�RI� LQ�
WHUSODQHWDU\�GXVW�SDUWLFOHV��,'3��DQG�PLFURPHWHRULWHV�
UHFRYHUHG� RQ� (DUWK�� /LNHO\�� EHFDXVH� GLIIHUHQWLDWHG�
PDUH�DQG�KLJKODQG�URFNV�DUH�GLIILFXOW�WR�GLVFULPLQDWH�
E\�URXWLQH�;5)�DQDO\VHV�IURP�WHUUHVWULDO�PDWHULDOV�LQ�
VDPSOHV�FROOHFWHG�RQ�(DUWK�>�@��+RZHYHU�� OXQDU�GXVW�
PLJKW� OHDYH� D� JHRFKHPLFDO� ILQJHUSULQW� LQ� WKH� VHGL�
PHQWDU\�UHFRUG�>�@��5HODWLYHO\�VPDOO�DPRXQW�RI�a���W�
RI� DYHUDJH� OXQDU� UHJROLWK� FRQWDLQV� D� YROXPH� RI� �+H�
HTXDO�WR�WKH�DQQXDO�JOREDO�DYHUDJH�RI�H[WUDWHUUHVWULDO�
�+H� LQWURGXFHG� LQWR� PDULQH� VHGLPHQWV�� &DOFXODWLRQV�
VXJJHVW�DQ�DYHUDJH�DQQXDO�IOX[�RI�OXQDU�LPSDFW�HMHFWD�
WR�(DUWK�LQ�WKH�RUGHU�RI�a����W�>�@��7KHUHIRUH��DJHV�RI�
OXQDU� PHWHRULWH� HMHFWLRQ� HYHQWV� DQG� �+H�SURILOHV� RI�
(DUWK¶V� VHGLPHQWV� DUH� FRPSDUHG�� ,W� LV� GLVFXVVHG�
ZKHWKHU� HMHFWD� IURP� WKH� ��� NP�� FUDWHU� *LRUGDQR�
%UXQR�� WKH� \RXQJHVW� OXQDU� FUDWHU� RI� LWV� VL]H� >�@�� LV�
UHSUHVHQWHG�E\�OXQDU�PHWHRULWHV�UHFRYHUHG�VR�IDU����

Giordano Bruno:� $FFRUGLQJ� WR� XUEDQ� OHJHQGV�
IRUPDWLRQ� RI� WKH� *LRUGDQR� %UXQR� FUDWHU� ZDV� RE�
VHUYHG� E\� PHGLHYDO� PRQNV� RQ� -XQH� ���� ����� $�'��
>�@��+RZHYHU��IRUPDWLRQ�RI�D�����VL]HG�OXQDU�FUDWHU�
ZRXOG� UHVXOW� LQ�DQ� LQWHQVH� VWRUP�RI� OXQDU�PHWHRULWHV�
RQWR�(DUWK� >�@��6XFK�D�VSHFWDFXODU�PHWHRU�VKRZHU� LV�
QRW� UHFRUGHG� LQ� WKH� KLVWRULFDO� FKURQLFOHV� DURXQG� WKH�
ZRUOG�>�@��,Q�DGGLWLRQ��FUDWHU�VWDWLVWLFV�DWWHVWV�D��������
0D� DJH� IRU� HPSODFHPHQW� RI� WKH� *LRUGDQR� %UXQR�
HMHFWD�EODQNHW�RQWR�WKH�OXQDU�VXUIDFH�>�@��� 

Lunar meteorites DUH� URFN� IUDJPHQWV� LPSDFW�
HMHFWHG�IURP�WKH�0RRQ�DQG�VXEVHTXHQWO\�GHOLYHUHG�WR�
(DUWK��7KH�WLPH�RI�LPSDFW�HMHFWLRQ�FDQ��EHVLGHV�SURE�
OHPV� UHODWHG� WR� D� FRPSOH[� H[SRVXUH� KLVWRU\�� EH� GH�
WHUPLQHG�E\�PHDVXULQJ�FRVPRJHQLF�QXFOLGHV��VHH�UHI��
)LJ������7KH�HMHFWLRQ�DJH�LV�WKH�VXP�RI�WKH�VSDFH�UHVL�
GHQFH� WLPH� ��ʌ�FRVPLF� UD\�H[SRVXUH�DJH��&5(��DQG�
WKH�WHUUHVWULDO�UHVLGHQFH�WLPH��7KH�&5(�DJHV�RI�OXQDU�
DQG�PDUWLDQ�PHWHRULWHV� UHYHDOHG� WKDW� GXULQJ� WKH� ODVW�
��� 0D� WKHVH� PHWHRULWHV� ZHUH� HMHFHWHG� E\� IUHTXHQW�
DQG� WKXV� VPDOO� LPSDFW� HYHQWV�� 7KLV� UHTXLUHV� DQ� HIIL�
FLHQW�GHOLYHU\�RI�OXQDU�DQG�PDUWLDQ�URFN�IUDJPHQWV�WR�
(DUWK�>L�H�����@�E\�SURMHFWLOHV�DV�VPDOO�DV�a���P�DQG�
����P�WKDW�LPSDFW�RQWR�WKH�0RRQ�DQG�0DUV��UHVSHF�
WLYHO\��7KH� UHVXOWLQJ� FUDWHUV� DUH� DV� VPDOO� DV��� DQG���

NP��RQ�0RRQ�DQG�0DUV��UHVSHFWLYHO\��WKXV�VXEVWDQ�
WLDOO\�VPDOOHU�WKDQ�*LRUGDQR�%UXQR��)RU�FRPSDULVRQ��
D����NP��OXQDU�FUDWHU�ZRXOG�IRUP��RQ�DYHUDJH��HYH�
U\�a���0D�>��@���
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Figure 1: &XPXODWLYH� VSDFH� UHVLGHQFH� WLPH� RI� OXQDU�

DQG� PDUWLDQ� PHWHRULWHV�� /LWHUDWXUH� GDWD� IRU� PDUWLDQ� IURP�
UHIHUHQFHV�ZLWKLQ� >�@� DQG� OXQDU�PHWHRULWHV� �VHH�)LJXUH�����
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Figure 1:�&RPSLODWLRQ�RI�HMHFWLRQ�DJHV�>������������@�

YV��7K�FRQFHQWUDWLRQV�>��@�LQ�OXQDU�PHWHRULWHV��ZLWK�SHWUR�
ORJLF�W\SHV�LQGLFDWHG�E\�V\PEROV��6PDOO�SLQN�DUURZV�PDUN�
PLQRU��+H�H[FXUVLRQV��EODFN�DUURZV�VKRZ�H[FXUVLRQV�LGHQ�
WLILHG�DV�VSLNHV�DW�����������DQG�����0D�>��@��DQG�D�PDMRU�
VSLNH�DW�����0D�>��@�LQ�WKH��+H�EXULDO�IOX[����

$�FXPXODWLYH�SORW�RI�WKH�PHWHRULWH�VSDFH�UHVL�
GHQFH�WLPH��76SDFH��VKRZV�WKH�GLIIHUHQFHV�LQ�WKH�GH�
OLYHU\�RI�OXQDU�DQG�PDUWLDQ�PHWHRULWHV��$�OXQDU�LP�
SDFW�GHOLYHUV�WKH�PDMRULW\�RI�PHWHRULWHV�RQ�TXDVL�
JHRFHQWULF�RUELWV�WR�(DUWK�GXULQJ�WKH�LQLWLDO�����WR���
0D�>��@��)LJXUH�����,Q�FRQWUDVW��D�PDUWLDQ�LPSDFW�
SURYLGHV�D����WR����0D�ODVWLQJ�VWHDG\�IOX[�RI�PHWHRU�
LWHV�WKDW�WUDYHO�RQ�KHOLRFHQWULF�RUELWV�WR�(DUWK��1RWH�
WKDW��RQ�DYHUDJH��WKH�WHUUHVWULDO�DJH�RI�PHWHRULWHV�LV�
�����0D��%HFDXVH�RI�WKH�KLJK�HIILFLHQF\�WR�GHOLYHU�
DQG�UHFRYHU�OXQDU�PHWHRULWHV�HMHFWHG�IURP�FUDWHUV�
\RXQJHU�WKDQ���0D��WKH�VLPLODU�QXPEHU�RI�OXQDU�DQG�
PDUWLDQ�PHWHRULWHV�VKRZ�WKDW�WKH�*LRUGDQR�%UXQR�
FUDWHU�GLG�127�IRUP�GXULQJ�WKH�ODVW���0D��

+RZHYHU��LW�LV�OLNHO\�WKDW�VRPH�RI�WKH�OXQDU�PHWH�
RULWHV� WKDW� DUULYH�RQ� OHVV�HIILFLHQW�KHOLRFHQWULF�RUELWV�
WR� (DUWK� �76SDFH� !�� 0D�� DFWXDOO\� GHULYHG� IURP� WKH�
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ODUJHVW�FUDWHU�WKDW�IRUPHG�LQ�WKH�ODVW����0D��$�FRPSL�
ODWLRQ�RI�SHWURORJ\��7K�FRQFHQWUDWLRQ�GDWD��DQG�HMHF�
WLRQ�DJHV�RI�OXQDU�PHWHRULWHV�LV�SUHVHQWHG�LQ�)LJ����WR�
GLVFULPLQDWH�WKH�GLIIHUHQW�HMHFWLRQ�HYHQWV�DQG�WR�FRQ�
VWUDLQ� WKH� VDPSOHG� VRXUFH� UHJLRQV�� 7KH� *LRUGDQR�
%UXQR� FUDWHU� LV� VLWXDWHG� LQ� WKH� 7K� SRRU� OXQDU� KLJK�
ODQGV�RQ�WKH�QRUWKHUQ�OLPE�RI�WKH�0RRQ�>�@��7KXV��WKH�
7K�ULFK�PLQJOHG��EDVDOWV�DQG�KLJKODQG�URFNV��EUHFFLD�
&DOFDORQJ�&UHHN��HMHFWHG�����0D�DJR�>��@��SUHVHQWV�D�
SRRU�SHWURORJLFDO�PDWFK��7KH�7K�SRRU�KLJKODQG�URFN�
'KRIDU�����ZDV�HMHFWHG�������0D�DJR�>��@�DQG��WKXV��
LV�EDUHO\�LQ�DJUHHPHQW�ZLWK�WKH�IRUPDWLRQ�DJH�RI���WR�
���0D� DV� FRQVWUDLQHG� E\� FUDWHU� VWDWLVWLFV� >�@�� 7KXV��
WKH� 7K� SRRU� OXQDU� KLJKODQG� URFNV� <DPDWR�
������������������ HMHFWHG� �� �� ���0D� DJR� >�����@��
SUHVHQW�WKH�RQO\�OXQDU�PHWHRULWHV�WKDW�PDWFK�ERWK�WKH�
JHRFKHPLFDO�FRQVWUDLQWV�RQ�WKH�VRXUFH�UHJLRQ�DQG�WKH�
WHPSRUDO�UHTXLUHPHQWV�GLVFXVVHG�EHIRUH���

Lunar 3He in marine sediments: $Q� HIILFLHQW�
GHOLYHU\�RI� �+H�ULFK� OXQDU� LPSDFW�HMHFWD� LQWR�(DUWK¶V�
VHGLPHQWV� ZDV� SURSRVHG� E\� >�@� WR� UHVROYH� SX]]OLQJ�
DVSHFWV� UHODWHG� WR� WKH� ODWH�(RFHQH� SURMHFWLOH� VKRZHU�
RQWR� WKH� (DUWK�0RRQ� V\VWHP�� ,W� ZDV� DUJXHG� WKDW� D�
ERPEDUGPHQW�RI�WKH�0RRQ�E\�PHWHU�WR�KXQGUHG�PH�
WHU� VL]H� SURMHFWLOHV� SURYLGHG� D� VRPHKRZ� VWHDG\� IOX[�
RI� �+H�ULFK� OXQDU� HMHFWD� FRQWULEXWLQJ� WR� WKH�H[WUDWHU�
UHVWULDO� �+H� LQ�(DUWK¶V�VHGLPHQWV��$Q�HIILFLHQW�GHOLY�
HU\� RI� �+H� ULFK� OXQDU� PDWHULDO� WR� (DUWK¶V� VHGLPHQWV�
LPSOLHV�D�JHQHUDO�VSLNLQHVV�RI�WKH�WHUUHVWULDO��+H�UHF�
RUG��5DQGRP� OXQDU� LPSDFWV� ODUJH� HQRXJK� �PLQLPXP�
VL]H� UHODWHG� WR� WKH� WHPSRUDO� IUHTXHQF\� RI� WKH� �+H�
VSLNHV��VKRXOG�SURGXFH�EULHI��a��ND���+H�DQRPDOLHV��
,QGHHG��GHWDLOHG��+H�SURILOHV�RI�WKH�ODVW�����0D�UHSRUW�
WKUHH� EULHI� VSLNHV� LQ� WKH� �+H� EXULDO� IOX[� DW� a�������
a�������DQG�a������0D�DJR� >��@��)LJ������7KH�OXQDU�
LPSDFW�VFHQDULR�DUJXHV�WKDW�D�UHODWLYHO\�VPDOO�DPRXQW�
RI��+H�ULFK�OXQDU�HMHFWD��VPDOO�FRPSDUHG�WR�WKH�WRWDO�
PDVV� RI� ,'3V� DUULYLQJ� RQ� (DUWK�� VXEVWDQWLDOO\� FRQ�
WULEXWHV� WR� WKH� YROXPH� RI� �+H� PHDVXUHG� LQ� (DUWK¶V�
VHGLPHQWV� >�@�� ,Q� FRQWUDVW�� D� SXUHO\� DVWHURLGDO� RU�
FRPHWDU\� RULJLQ� RI� WKH� �+H� ULFK� SDUWLFOHV� LQ� (DUWK¶V�
VHGLPHQWV� �SUHYDLOLQJ� �+H� DJHQWV� >�����@�� LPSOLHV�
WKDW�WKH�EDFNJURXQG�IOX[�RI�,'3V�IUHTXHQWO\�LQFUHDVHV�
E\���WR���WLPHV��7KXV��DVVXPLQJ�WKDW����WKH�WKUHH��+H�
VSLNHV� WUXO\� GRFXPHQW� EULHI� DQG� IUHTXHQW� VSLNHV� LQ�
WKH� �+H� EXULDO� IOX[� >��@�� DQG� ��� WKH� ODVW� ����0D�DUH�
QRW�FKDUDFWHULVHG�E\�D�VHULHV�RI�XQXVXDO�HYHQWV�DGYR�
FDWHV�WKH�LQWHUSUHWDWLRQ�WKDW�OXQDU�HMHFWD�VXEVWDQWLDOO\�
FRQWULEXWHG�WR�WKH��+H�EXGJHW�RI�(DUWK¶V�VHGLPHQWV���

Is Giordano Bruno 8.2 Ma old? $�QLQH�IROG�LQ�
FUHDVH�DERYH�EDFNJURXQG�LQ�WKH��+H�EXULDO�IOX[�LGHQ�
WLILHG� LQ� �������� 0D� ROG� PDULQH� VHGLPHQWV� ZDV� DW�
WULEXWHG� WR� WKH�FROOLVLRQ�IRUPLQJ�WKH�9HULWDV�DVWHURLG�
IDPLO\� >��@��$OWHUQDWLYHO\�� WKLV� �+H�VSLNH� FRXOG� UHS�
UHVHQW� WKH�HMHFWD� IURP�*LRUGDQR�%UXQR��WKXV�SURYLG�
LQJ�WKH�SUHFLVH�IRUPDWLRQ�DJH�IRU�WKLV�OXQDU�FUDWHU���

Testing the theory:� 7KH� WZR� VFHQDULRV� FDQ� EH�
GLVFULPLQDWHG� E\� PHDVXULQJ� 3ODWLQXP� *URXS� (OH�

PHQWV��3*(��DQG��+H�FRQFHQWUDWLRQV�LQ�WKHVH�PDULQH�
VHGLPHQWV��%RWK�3*(�DQG��+H�FRQFHQWUDWLRQV�VKRXOG�
LQFUHDVH�IRU�D��+H�VSLNH�IURP�³FKRQGULWLF´�,'3�OLEHU�
DWHG� E\� WKH� EUHDN�XS� RI� WKH� 9HULWDV� IDPLO\� >��@�� ,Q�
FRQWUDVW� �+H� ULFK� DQG� 3*(� SRRU� OXQDU� HMHFWD� IURP�
*LRUGDQR�%UXQR�FUDWHU�ZRXOG�UHVXOW�LQ�DQ�LQFUHDVH�LQ�
WKH� �+H� FRQFHQWUDWLRQV� EXW� QRW� LQ� 3*(� FRQFHQWUD�
WLRQV�� 7KH� LQIHUUHG� FRQQHFWLRQ� EHWZHHQ� <DPDWR�
������������������ DQG� WKH� *LRUGDQR� %UXQR� FUDWHU�
FDQ�EH�WHVWHG�E\�FRPSDULQJ�JHRFKHPLFDO�GDWD�RI�WKH�
VH�PHWHRULWHV�ZLWK�RUELWDO�GDWD�IURP�WKH�OXQDU�VXUIDFH���

Relevance of testing the theory:� 3LQSRLQWLQJ�
VRXUFH� UHJLRQV� RI� OXQDU� PHWHRULWHV� ZRXOG� SURYLGH�
VDPSOHV� IURP� D� ZHOO�FRQVWUDLQHG� ORFDOLW\� RQ� WKH�
0RRQ�GLVWDQW�WR�WKH�$SROOR�DQG�/XQD�ODQGLQJ�VLWHV��$�
SUHFLVHO\�GDWHG�*LRUGDQR�%UXQR�FUDWHU�ZRXOG�SUHVHQW�
D� ODQGPDUN� IRU� WKH� OXQDU�FUDWHU�SURGXFWLRQ�UDWH��7KH�
HMHFWD�EODQNHW�LV�DOPRVW�XQDIIHFWHG�E\�VHFRQGDU\�FUD�
WHUV�� DV� LW� LV� WKH� \RXQJHVW� VL]DEOH� OXQDU� FUDWHU��
$GLWWLRQDOO\��LW�ZRXOG�SUHVHQW�WKH�PRVW�SUHFLVHO\�GDW�
HG�HMHFWD�EODQNHW�EHVLGHV�WKH�VPDOO�FUDWHUV�1RUWK�5D\��
6RXWK�5D\�DQG�&RQH�����:LWK�D�VLPSOH�WHOHVFRSH��WKH�
*LRUGDQR�%UXQR� FUDWHU� FDQ� EH� VHHQ� IURP�DOO� DURXQG�
WKH�ZRUO��7KXV��(DUWK¶V�VHGLPHQWV�LQFOXGLQJ�WKH�OXQDU�
HMHFWD�TXDOLI\�DV�D�JHR��VHOHQRVLWH���

Acknowledgement: )LQDQFLDO� VXSSRUW�E\� WKH�+HOPKROW]�$O�
OLDQFH� 3ODQHWDU\� (YROXWLRQ� DQG� /LIH� �:3������� &RQWULEXWLRQ� RI�
WKH�,66,�7HDP�RQ�/XQDU�FKURQRORJ\���
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DQG�&DIIHH�0�:�� �������Meteoritics & Planet. Sci.,� 41�� 6XSS���
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]XPL�.��HW�DO�����������WK�/36&�$EVW���������>��@�9RJW�6��HW�DO��
�������Geochim. Cosmochim. Acta��57������������� >��@�1LVKLL�
]XPL� .�� HW� DO�� ������� Meteoritics & Planet. Sci.,� 40,� 6XSS��
S������� >��@�1LVKLL]XPL�.�� DQG�&DIIHH�0�:�� ���������WK�/36&�
$EVW�� ������� >��@� .RURWHY� 5�� PHWHRU�
LWHV�ZXVWO�HGX�OXQDU�PRRQBPHWHRULWHV�KWP���
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LUNAR IMPACTORS: A LOW-COST CUBESAT MISSION TO LUNAR MAGNETIC ANOMALIES 
(SWIRLS).��,��*DUULFN�%HWKHOO���5��/LQ���+��6DQFKH]���DQG�'��+HPLQJZD\�����8QLYHUVLW\�RI�&DOLIRUQLD��6DQWD�&UX]�
�LJDUULFN#XFVF�HGX����8QLYHUVLW\�RI�&DOLIRUQLD��%HUNHOH\���1$6$�$PHV�5HVHDUFK�&HQWHU��

�
Introduction:� � /XQDU� VZLUOV� DUH� RQH� RI� WKH� PRVW�

HQLJPDWLF�JHRORJLF�IHDWXUHV�LQ�WKH�VRODU�V\VWHP���6ZLUOV�
DUH�VLQXRXV�KLJK�DOEHGR�IHDWXUHV�FRUUHODWHG�ZLWK�VWURQJ�
FUXVWDO�PDJQHWLF�ILHOGV��)LJ�������6ZLUOV�DUH�DW�WKH�LQWHU�
VHFWLRQ� RI� PDQ\� GLVFLSOLQHV�� LQFOXGLQJ� WKH� RULJLQV� RI�
OXQDU� PDJQHWLVP�� VSDFH� ZHDWKHULQJ�� VSDFH� SODVPD�
SK\VLFV�� GXVW� ORIWLQJ�� DQG� PRVW� UHFHQWO\�� VXUIDFH� K\�
GUR[\O� IRUPDWLRQ� >�@�� � 7KHUHIRUH�� D�PLVVLRQ� WR� VZLUOV�
ZRXOG�EHQHILW�PDQ\�LQ�WKH�SODQHWDU\�VFLHQFH�FRPPXQL�
W\��

1$6$�$PHV�5HVHDUFK�&HQWHU��8&�%HUNHOH\�� DQG�
8&�6DQWD�&UX]�KDYH�EHHQ�GHVLJQLQJ�D� ORZ�FRVW�� ORZ�
PDVV� PLVVLRQ� WR� VZLUOV� WKDW� XVHV� FXEHVDW� WHFKQRORJ\���
%HORZ� ZH� RXWOLQH� KRZ� WKLV� PLVVLRQ� FDQ� FRVW�
HIIHFWLYHO\�PDNH�ILUVW�RI�D�NLQG�PHDVXUHPHQWV�DQG� LQ�
IRUP�D�QXPEHU�RI�LPSRUWDQW�SUREOHPV�LQ�OXQDU�VFLHQFH���

Multidisciplinary science at lunar swirls�
Swirl formation: 7KH�WZR�OHDGLQJ�PRGHOV�IRU�VZLUO�

IRUPDWLRQ�DUH�WKH�VRODU�ZLQG�GHIOHFWLRQ�PRGHO�>�@��DQG�
WKH� GXVW� WUDQVSRUW� PRGHO� >�@�� � 8QGHU� WKH� VRODU� ZLQG�
GHIOHFWLRQ�PRGHO��WKH�EULJKWQHVV�RI�VZLUOV�LV�H[SODLQHG�
E\�WKH�ORFDO�PDJQHWLF�ILHOG�GHIOHFWLQJ�WKH�VRODU�ZLQG��D�
GDUNHQLQJ�DJHQW��IURP�SRUWLRQV�RI�WKH�VXUIDFH�� �8QGHU�
WKH� GXVW� WUDQVSRUW� PRGHO�� WKH� EULJKWQHVV� RI� VZLUOV� LV�
H[SODLQHG�E\�WKH�DFFXPXODWLRQ�RI�ILQH��EULJKW�GXVW��GXH�
WR�ZHDN� SODVPD�SURGXFHG� HOHFWULF� ILHOGV� RSHUDWLQJ� RQ�
FKDUJHG� GXVW� ORIWHG� GXULQJ� WHUPLQDWRU� FURVVLQJV���
0HDVXUHPHQWV� RI� WKH� VRODU� ZLQG� IOX[� YHU\� QHDU� WKH�
VXUIDFH�� DW� EULJKW� DQG� GDUN� DUHDV�� ZRXOG� GHWHUPLQH� LI�
WKH�VRODU�ZLQG�PRGHO�LV�FRUUHFW���0HDVXUHPHQWV�RI�ORIW�
HG�GXVW�YHU\�QHDU� WKH�VXUIDFH�ZRXOG�KHOS�GHWHUPLQH�LI�
GXVW�ORIWLQJ�FDQ�FRQWULEXWH�WR�VZLUO�IRUPDWLRQ��

Lunar magnetism��7KH�RULJLQ�RI�OXQDU�PDJQHWLVP�
LV�VWLOO�XQNQRZQ��ZLWK�LQWHUSUHWDWLRQV�VXJJHVWLQJ�HLWKHU�
LPSDFW�SURGXFHG� SODVPD� SURFHVVHV� >�@� RU� DQ� DQFLHQW�
G\QDPR�>�@���,I�FUXVWDO�PDJQHWLF�DQRPDOLHV�IRUPHG�LQ�D�
G\QDPR� ILHOG�� WKH\� VKRXOG� EH� KRPRJHQRXVO\�PDJQHW�
L]HG� ZLWK�PLQLPDO� VKRUW�ZDYHOHQJWK� YDULDELOLW\� LQ� GL�
UHFWLRQ� QHDU� WKH� VXUIDFH�� H[FHSW� DW� WKH� VFDOH� RI� VPDOO�
FUDWHUV�� � 3UHVHQWO\�� PDJQHWLF� ILHOG� PHDVXUHPHQWV� DW�
DQRPDOLHV�KDYH�RQO\�EHHQ�WDNHQ�DERYH�a���NP�LQ�DOWL�
WXGH��DW�EHVW���0HDVXUHPHQWV�RI�WKH�PDJQHWLF�ILHOG�QHDU�
WKH�VXUIDFH�ZRXOG�KHOS�GHWHUPLQH�WKH�VWUHQJWK�DQG�FR�
KHUHQFH� RI� WKH� XQGHUO\LQJ� FUXVWDO� PDJQHWL]DWLRQ�� DQG�
WKHUHE\�LWV�IRUPDWLRQ�PHFKDQLVP���6XFK�PHDVXUHPHQWV�
ZRXOG�DOVR�KHOS� H[SODLQ�KRZ� WKH� VRODU�ZLQG�GLUHFWLRQ�
DQG�IOX[�LV�DOWHUHG�QHDU�WKH�VXUIDFH����

Lunar water��7KH�0��LQVWUXPHQW�RQ�&KDQGUD\DDQ�
KDV� UHYHDOHG� WKDW� KLJK� OXQDU� ODWLWXGHV� KDYH� KLJKHU�
DEXQGDQFHV�RI�K\GUR[\O�PROHFXOHV�>�@���0RUH�UHFHQWO\��

0��GDWD�ZHUH�XVHG�WR�VKRZ�WKDW�OXQDU�VZLUOV�KDYH�UHOD�
WLYHO\� ORZ� K\GUR[\O� DEXQGDQFHV� UHODWLYH� WR� WKHLU� VXU�
URXQGLQJV�>�@���7KHUHIRUH��VZLUOV�DUH�D�QDWXUDO�ODERUDWR�
U\� IRU� XQGHUVWDQGLQJ� ZDWHU� IRUPDWLRQ� RQ� WKH� 0RRQ��
DQG� OLNHO\�RQ� VLOLFDWH�ERGLHV� LQ� JHQHUDO�� �'HWHUPLQLQJ�
WKH� VZLUO� IRUPDWLRQ� PHFKDQLVP� DQG� TXDQWLI\LQJ� WKH�
UHOHYDQW�SURFHVVHV�VKRXOG�KHOS�HOXFLGDWH�KRZ�K\GUR[\O�
PROHFXOHV�DQG�ZDWHU�IRUP�RQ�WKH�0RRQ¶V�VXUIDFH��

Space weathering�� $� ORQJ�VWDQGLQJ� TXHVWLRQ� LQ�
VSDFH�ZHDWKHULQJ� LV� WKH� UHODWLYH� LPSRUWDQFH�RI�PLFUR�
PHWHRURLG� LPSDFWV� FRPSDUHG� WR� WKH� VRODU� ZLQG� >�@���
8QGHU� WKH� VRODU� ZLQG� GHIOHFWLRQ�PRGHO� IRU� VZLUO� IRU�
PDWLRQ��VRODU�ZLQG�ZHDWKHULQJ�DW�VZLUOV�LV�UHGXFHG��DQG�
WKH�VXUIDFH�LV�NHSW�EULJKWHU���+RZHYHU��EHFDXVH�PLFUR�
PHWHRURLGV� DUH� XQGHIOHFWHG� E\� WKH�PDJQHWLF� ILHOG� DQG�
UHDFK�WKH�VXUIDFH��VZLUOV�PD\�DOVR�EH�D�QDWXUDO�ODERUD�
WRU\�IRU�XQUDYHOLQJ�DQG�TXDQWLI\LQJ�WKH�UHODWLYH�FRQWUL�
EXWLRQV� RI� WKHVH� WZR� GDUNHQLQJ� DJHQWV�� � ,PSURYHG�
NQRZOHGJH�RI�WKHVH�SURFHVVHV�ZRXOG�KDYH�DSSOLFDWLRQV�
WR�WKH�VSHFWUDO�VWXG\�RI�DVWHURLGV�DQG�0HUFXU\��

Lunar dust��'XVW� ORIWLQJ�GXULQJ� WHUPLQDWRU�FURVV�
LQJV�KDV�EHHQ�LQIHUUHG�IURP�D�YDULHW\�RI�PHDVXUHPHQWV�
VLQFH� WKH�6XUYH\RU�PLVVLRQV� >�@��DQG�PD\�DOVR�EH� LP�
SRUWDQW�LQ�DVWHURLG�JHRORJ\�>�@���+RZHYHU��WKH�DPRXQW�
RI� GXVW� ORIWHG� DERYH� WKH� OXQDU� VXUIDFH�� LI� DQ\�� LV� QRW�
IXOO\�NQRZQ���0HDVXUHPHQWV�RI�WKH�GXVW�IOX[�YHU\�QHDU�
WKH� VXUIDFH�� LQ� SDUWLFXODU� GXULQJ� WHUPLQDWRU� FURVVLQJV��
ZRXOG� KHOS� FRQVWUDLQ� KRZ� PXFK� GXVW� LV� ORIWHG� HDFK�
GD\��DQG�SRVVLEO\�WKH�PHFKDQLVPV�EHKLQG�GXVW�ORIWLQJ��

Plasma physics��7KH� LQWHUDFWLRQ�RI� WKH�VRODU�ZLQG�
ZLWK�ZHDN�PDJQHWLF� DQRPDOLHV� RQ� WKH�0RRQ�SUHVHQWV�
LQWHUHVWLQJ� SODVPD� SK\VLFV� SKHQRPHQD�� VXFK� DV� WKH�
GHYHORSPHQW�RI�D�PLQL�PDJQHWRVSKHUH�>��@���7KH�VFDOH�
VL]H� RI� WKH�PDJQHWLF� DQRPDOLHV� UDQJHV� IURP�EHORZ� WR�
DERYH�WKH�VRODU�ZLQG�SURWRQ�J\URGLDPHWHU��WKXV��DFURVV�
WKH�WUDQVLWLRQ�IURP�NLQHWLF�WR�IOXLG�EHKDYLRU���

�
Fig. 1� ±�5HLQHU� JDPPD� VZLUO� �&OHPHQWLQH� ����QP� UHIOHFWDQFH��
DQG�PDJQHWLF�ILHOG�FRQWRXUV�DW����NP��/XQDU�3URVSHFWRU���
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A low-cost mission to lunar swirls 
Mission objectives and concept:� � $� PLVVLRQ� WR�

VZLUOV�WKDW�PHDVXUHV�YHU\�QHDU�WKH�VXUIDFH��
���0DJQHWLF�ILHOG�VWUHQJWK�DQG�GLUHFWLRQ���
���6RODU�ZLQG�IOX[�DQG�GLUHFWLRQ��DQG��
���'XVW�GHQVLW\���

ZRXOG� DQVZHU� WKH� NH\� VFLHQFH� TXHVWLRQV� DERYH�� � $�
VSDFHFUDIW� RQ� D� YHU\� ORZ�DQJOH� LPSDFW� WUDMHFWRU\� LQWR�
WKH�KHDUW�RI�D�VZLUO�FRXOG�SHUIRUP�WKH�QHFHVVDU\�PHDV�
XUHPHQWV�DW� ORZ�DOWLWXGH��)LJ������DQG� WUDQVPLW�GDWD�LQ�
UHDO�WLPH�WR�DQ�RUELWLQJ�VSDFHFUDIW��XS�XQWLO�WKH�WLPH�RI�
LPSDFW�� � %HFDXVH� PDQ\� RI� WKH� PHDVXUHPHQWV� FDQ� EH�
PDGH� DW� KLJK� IUHTXHQF\�� GDWD� IURP� ����P� DERYH� WKH�
VXUIDFH�LV�SRVVLEOH��HYHQ�WKRXJK�WKH�VSDFHFUDIW�LV�WUDY�
HOLQJ�DW�!��NP�V���$IWHU�LPSDFW��WKH�SUREH¶V�PLVVLRQ�LV�
RYHU�� EXW� VHYHUDO� SUREHV� FDQ� EH� ODXQFKHG� WR� SURYLGH�
PXOWLSOH�WUDQVHFWV�DW�RQH�VZLUO��RU�DW�VHYHUDO�VZLUOV��

�
Fig. 2 ±�/RZ�DQJOH�LPSDFW�WUDMHFWRU\�RYHU�5HLQHU�JDPPD�VZLUO��

Spacecraft and payload: $PHV� KDV� GHVLJQHG� D�
VPDOO�PRWKHU�VKLS�������NJ��)LJ�����FDSDEOH�RI�RUELWLQJ�
WKH� 0RRQ� DQG� UHOHDVLQJ� WZR� �X� FXEHVDWV� RQ� LPSDFW�
WUDMHFWRULHV�� � (DFK� RI� WKHVH� FXEHVDWV� LV� EDVHG� RQ� WKH�
&,1(0$� VSDFHFUDIW� �)LJ�� ���� DQ�16)�IXQGHG� SURMHFW�
EXLOW� E\� 8&� %HUNHOH\� DQG� .\XQJ� +HH� 8QLYHUVLW\�
�6RXWK� .RUHD��� DQG� ODXQFKLQJ� LQ� -XQH� ������ � 7KH�
&,1(0$� VSDFHFUDIW� FDUULHV� WZR�PDJQHWRPHWHUV� �RQH�
LQERDUG�DQG�RQH�RQ�D�����P�ERRP��DQG�D�SDUWLFOH�GHWHF�
WRU��67(,1��� �%HUNHOH\�LV�FXUUHQWO\�GHVLJQLQJ�D�PRGL�
ILHG�67(,1�SDUWLFOH�GHWHFWRU�WR�PHDVXUH�WKH�VRODU�ZLQG�
IOX[�DQG�GLUHFWLRQ�DW�KLJK�FDGHQFH���,Q�DGGLWLRQ��%HUNH�
OH\�LV�GHVLJQLQJ�D�YHU\�KLJK�VHQVLWLYLW\�GXVW�GHWHFWRU��

 
Fig.  3�±�7KH�16)�IXQGHG��X�&,1(0$�FXEHVDW��WKH�EDVLV�RI�WKH�
LPSDFW�SUREH��VFKHGXOHG�WR�ODXQFK�LQ�-XQH�������

 

�
Fig.  4�±�/HIW��0RWKHU�VKLS�UHOHDVLQJ�D��X�FXEHVDW�SUREH��5LJKW��
0RWKHUVKLS�SLJJ\EDFNLQJ�RQ�D�/25$/�FRPPVDW�ODXQFK��

Trajectory: /DXQFKLQJ�WKH�VSDFHFUDIW�DV�D�VHFRQG�
DU\� SD\ORDG� JUHDWO\� UHGXFHV� WKH� FRVW� RI� WKH� PLVVLRQ���
7KHUHIRUH�� WKH� WUDMHFWRU\� WR� WKH� 0RRQ� KDV� EHHQ� GH�
VLJQHG� EDVHG� RQ� D� GURS�RII� LQ�*72�E\� D� FRPPHUFLDO�
VDWHOOLWH�ODXQFK��)LJ�������2QFH�DW�WKH�0RRQ��WKH�PRWKHU�
VKLS�HQWHUV�D�KLJKO\�HOOLSWLFDO�RUELW��DQG�WKHQ�FRQGXFWV�D�
EXUQ�WR�HVWDEOLVK�DQ�LPSDFW�WUDMHFWRU\���7KHQ��WKH�PRWK�
HU�VKLS�UHOHDVHV�WKH�SUREH��DQG�SHUIRUPV�D�VHFRQG�EXUQ�
WR�UHHVWDEOLVK�D�VWDEOH�RUELW���7KH�PRWKHUVKLS�IOLHV�RYHU�
WKH�LPSDFW�VLWH��FROOHFWV�GDWD�IURP�WKH�SUREH��DQG�UHOD\V�
LW�WR�(DUWK���7KH�WRWDO�PLVVLRQ�ǻv�LV������P�V��

�
Fig. 5�±�6SDFHFUDIW�DQG�SUREH�WUDMHFWRU\�WR�WKH�0RRQ��

Conclusions: $Q�LPSDFWRU�PLVVLRQ� WR� OXQDU�VZLUOV�
FRXOG�EH�DFFRPSOLVKHG�IRU�YHU\�ORZ�FRVW��ZKLOH�UHWXUQ�
LQJ�VFLHQFH�WKDW�ZRXOG�EHQHILW�PDQ\�SODQHWDU\�VFLHQFH�
GLVFLSOLQHV�� � 7KH�PLVVLRQ�ZRXOG� DOVR� GHPRQVWUDWH� WKH�
ILUVW�XVH�RI�FXEHVDWV�EH\RQG�ORZ�(DUWK�RUELW��

References:� >�@�.UDPHU�� *�� HW� DO�� ������� JGR �����
(��*���� >�@� +RRG�� /�� /�� DQG� 6FKXEHUW�� *�� ������� Science�
����� ������� >�@�*DUULFN�%HWKHOO�� ,�� HW� DO�� ������� Icarus� �����
��������>�@�+RRG��/��/��DQG�$UWHPLHYD��1��$���������Icarus 
����� ��������� � >�@�*DUULFN�%HWKHOO�� ,�� HW� DO�� �������Science�
����� ��������� >�@�3LHWHUV��&��0��HW� DO�� �������Science�� �����
��������� >�@�+DSNH��%�� ������� JGR� ����� �����±������� >�@�
&ROZHOO�� -��(��� HW�DO�� �������Rev. Geophys.�����5*������ >�@�
&ROZHOO�� -��(�� ������� Icarus� ����� ���±����� >��@��.XUDWD�� HW�
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Cubesat probe 

1) GTO dropoff from primary 

2) Apogee raising burn 3) Moon targeting burn at 
weak-stability boundary 

4) Lunar orbit insertion 
25 x 10,000 km orbit 

5) Cubesat release 
at apolune 

Magnetic anomaly 
impact 

32



LUNAR BASE FOR LIFE SCIENCES EXPERIMENTS. 
Nandu Goswami1, Pete Roma2 , and Patrick DeBoever3, Helmut Hinghofer-Szalkay1 

1 Medical University of Graz, Austria (Nandu.goswami@medunigraz.at), 2Institutes for Behavior Resources, 
Baltimore, MD, USA, 3 Flemish Institute for Technological Research (VITO), Mol, Belgium, EU 
. 
Introduction: Understanding the development and 
interactions of physiological and behavioural adapta-
tions is critical for mission planning in space explo-
ration. Antarctica is probably the best Earth analog 
for Mars missions, but we lose fidelity in that there 
are no radiation effects and the infrastructure is al-
ready in place.  Treating the Moon as a high-fidelity 
Mars analog would include the inherent physiologi-
cal factors (hostile environment, microgravity, radia-
tion) with the relative safety advantage of being 
closer to Earth than Mars (but still more danger-
ous/remote than Antarctica).  We would, therefore, 
like to propose the analog environment of the moon 
for studying long-term effects of reduced g on life 
sciences experiments.  
For the moon, we propose to study a) Physiological 
adaptations to the reduced g (eg. vestibular function, 
musculoskeletal changes, cardiopostural interactions, 
cerebral autoregulation); b) Changes and interrela-
tionships between group cohesion (assessed by the 
Team Performance Task, TPT, which is currently 
being implemented in the 2012 winter-over at Con-
cordia station, Antarctica) and neurobiological re-
sponses in standardized sessions; and c) Molecular 
mechanisms of these physiological and behavioural 
adaptations. Neurobiological concomitants of the 
TPT assay will be done by simultaneous measure-
ments of cardiovascular function (heart rate, blood 
pressure, and heart rate variability), stress physiolo-
gy (salivary cortisol and alpha-amylase), neurohor-
monal markers of social affiliation and stability 
(oxytocin and testosterone), and gene and protein 
expression changes in blood and saliva using -omics 
technologies. Application of the latter methods will 
permit formulation of a global picture of physiologi-
cal and molecular changes as well as early biological 
effects associated with the multiple stressors and 
unique social dynamics experienced throughout the 
confinement period.   
These studies would provide valuable insights on 
physiological adaptations, which occur at reduced g, 
behavioural, neurobiological, and -omics fingerprints 
that correlate with naturally occurring variations in-
group cohesion over time in isolated, confined and 
extreme (ICE) environments.  Understanding the 
biobehavioural mechanisms that mediate or contrib-
ute to compromised psychosocial function may 
guide the development of novel, effective, and op-
erationally feasible techniques to enhance the devel-
opment of countermeasures, crew selection and 
composition and training methods. 
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NORMALISATION OF CONTINUUM-REMOVED LUNAR SPECTRA.� � $��*UXPSH��� 9��=LULQ���
)��%HONKLU��� &��:|KOHU��� �,PDJH� $QDO\VLV� *URXS�� 78� 'RUWPXQG� 8QLYHUVLW\�� '±������ 'RUWPXQG�� *HUPDQ\��
^DUQH�JUXPSH�_�YODGLPLU�]LULQ�_�IHWKL�EHONKLU�_�FKULVWLDQ�ZRHKOHU`#WX�GRUWPXQG�GH�

�
�
Introduction:� �$�FRPPRQ�WHFKQLTXH�RI�WKH�DQD�

O\VLQJ�OXQDU�VSHFWUD�LV�XQPL[LQJ�RI�WKH�REVHUYHG�UHI�
OHFWDQFH� VSHFWUD� LQWR� VWDQGDUG� UHIOHFWDQFH� VSHFWUD� RI�
FRPSRVLWLRQDO� HQGPHPEHUV� >�@�� 2WKHU� DSSURDFKHV�
H[SOLFLWO\� UHO\� RQ� WKH� GHSWKV� DQG�RU� SRVLWLRQV� RI� WKH�
PLQLPD� RI� DEVRUSWLRQ� WURXJKV� LQ� RUGHU� WR� LGHQWLI\�
VSHFLILF�PLQHUDOV�LQ�WKH�OXQDU�VRLO��FI��H�J��>����@���

6LQFH� WKH� VXUIDFH� UHIOHFWDQFH� GHSHQGV� RQ� WKH� LO�
OXPLQDWLRQ� DQG� YLHZLQJ� JHRPHWU\� >�@�� ZKLFK� LV� LQ�
WXUQ� JRYHUQHG� E\� WKH� VPDOO�VFDOH� WRSRJUDSK\� RI� WKH�
OXQDU� VXUIDFH�� D� QRUPDOLVDWLRQ� RI� UHIOHFWDQFH� VSHFWUD�
WR� D� UHIHUHQFH� LOOXPLQDWLRQ� DQG� YLHZLQJ� JHRPHWU\�
�FRPPRQO\������ LQFLGHQFH�DQJOH�����HPLVVLRQ�DQJOH��
����SKDVH� DQJOH� >�@�� LV� QHFHVVDU\�� UHTXLULQJ� KLJK�
UHVROXWLRQ� WRSRJUDSKLF� GDWD�� +RZHYHU�� WKH� ODWHUDO�
UHVROXWLRQ�RI�DYDLODEOH�OXQDU�GLJLWDO�HOHYDWLRQ�PRGHOV�
�'(0V��LV�ORZHU�WKDQ�WKH�ODWHUDO�UHVROXWLRQ�RI�UHFHQW�
K\SHUVSHFWUDO� LPDJHU\�� DQG� WKH\�PLJKW�QRW�EH�SL[HO�
V\QFKURQRXV� ZLWK� WKH� K\SHUVSHFWUDO� LPDJHV� GXH� WR�
XQFHUWDLQ�VHOHQRORFDWLRQ�>�@��

,Q� WKLV� VWXG\�� ZH� SUHVHQW� D� IUDPHZRUN� IRU� WKH�
QRUPDOLVDWLRQ� RI� FRQWLQXXP�UHPRYHG� VSHFWUD� ZLWK�
UHVSHFW� WR� LOOXPLQDWLRQ�DQG�YLHZLQJ�JHRPHWU\��(VSH�
FLDOO\�� WKH�SKDVH�DQJOH�GHSHQGHQFH�RI�WKH�DEVRUSWLRQ�
ZDYHOHQJWK� DQG� GHSWK� LQIHUUHG� IURP� FRQWLQXXP�
UHPRYHG�VSHFWUD�LV�DQDO\VHG��

Image registration and DEM construction:��,Q�
RUGHU� WR� LPSURYH� WKH� ODWHUDO� UHVROXWLRQ� RI� H[LVWLQJ�
'(0V��DQ�H[WHQGHG�SKRWRFOLQRPHWU\�DQG�VKDSH�IURP�
VKDGLQJ� DOJRULWKP� LV� DSSOLHG� WR� WKH� LPDJH� GDWD� LQ�
FRPELQDWLRQ�ZLWK�D�'(0�RI� ORZHU� ODWHUDO�UHVROXWLRQ�
�KHUH��WKH�*/'����>�@��DV�SURSRVHG�LQ�>�@��2SWLRQDO�
O\��WKH�ODWHUDO�UHVROXWLRQ�PD\�EH�IXUWKHU�LQFUHDVHG�E\�
DSSO\LQJ�WKH�DOJRULWKP�SUHVHQWHG�LQ�>�@�WR�WKH�UHVXOW�
LQJ�'(0��

7KH� FRQVWUXFWLRQ� RI� '(0V� IURP� PXOWLSOH� UD�
GLDQFH� LPDJHV� KLJKO\� GHSHQGV� RQ� WKH� SL[HO� V\Q�
FKURQLW\�RI�WKH�LPDJHV��ZKLOH�LPDJH�VHWV�ZLWK�VWURQJ�
O\�YDU\LQJ�LOOXPLQDWLRQ�FRQGLWLRQV�DUH�IDYRXUDEOH�IRU�
'(0� FRQVWUXFWLRQ� >�@�� :H� IRXQG� WKDW� 0�� LPDJHV�
DFTXLUHG� GXULQJ� GLIIHUHQW� RUELWV� VKRZ� PLVUHJLVWUD�
WLRQV�RI�XS� WR�VHYHUDO�NLORPHWHUV��7KHUHIRUH��DQ� LOOX�
PLQDWLRQ�LQGHSHQGHQW� LPDJH� UHJLVWUDWLRQ� PHWKRG� LV�
UHTXLUHG��ZKHUH�D�FRPSOH[�WUDQVIRUPDWLRQ�PRGHO�KDV�
WR� EH� DSSOLHG� VLQFH� WUDQVODWLRQV�� URWDWLRQV�� DQG�SHUV�
SHFWLYH�GLVWRUWLRQV�DUH�DSSDUHQW��

,OOXPLQDWLRQ� LQGHSHQGHQFH�LV�DFKLHYHG�E\��'�UH�
FRQVWUXFWLRQV� EDVHG� RQ� VLQJOH� LPDJHV�� ZKLFK� WUDQV�
IRUP�WKH�UDGLDQFH�LPDJHV�LQWR�'(0V�DV�SURSRVHG�LQ�
>�@��,Q�RUGHU�WR�FRSH�ZLWK�WKH�SHUVSHFWLYH�GLVWRUWLRQV��
LPDJHV� RI� IHDWXUHV� REWDLQHG� IURP� WKH� FRQVWUXFWHG�
VLQJOH�LPDJH� '(0V�� H�J�� VXUIDFH� LQFOLQDWLRQ� DQJOHV�
RU� GLUHFWLRQDO� VXUIDFH� JUDGLHQWV�� DUH� GHULYHG� DQG�

RYHUODLG�RQ�WKH�*/'�����7KH�UHVXOWLQJ��'�REMHFW� LV�
SURMHFWHG� LQWR� WKH� FDPHUD� RQ� WKH� VSDFHFUDIW�� ZKHUH�
WKH� FRUUHVSRQGLQJ� WUDQVIRUPDWLRQ� LV� JLYHQ� E\� WKH�
FDPHUD� SRVLWLRQ� DQG� RULHQWDWLRQ�� 7KHVH� SDUDPHWHUV�
DUH� GHWHUPLQHG� E\� PLQLPLVLQJ� WKH� (XFOLGHDQ� GLV�
WDQFHV� EHWZHHQ� FRUUHVSRQGLQJ� FRQWURO� SRLQWV� LQ� WKH�
LPDJHV� RU� E\� PD[LPLVLQJ� WKH� PXWXDO� LQIRUPDWLRQ�
EHWZHHQ� WKH� IHDWXUHV� DFURVV� WKH� LPDJHV� �FI�� )LJ������
'XH� WR� LQDFFXUDFLHV� LQ� WKH� '(0� DQG� SRVVLEO\� QRQ�
FRQVWDQW� VSDFHFUDIW� PRWLRQ� EHKDYLRXU� GXULQJ� LPDJH�
DFTXLVLWLRQ�� WKH� LPDJH�UHJLVWUDWLRQ�FDQ�EH�UHILQHG�E\�
DGGLWLRQDOO\� DSSO\LQJ� D� VHFRQG�RUGHU� SRO\QRPLDO�
WUDQVIRUPDWLRQ�WR�WKH�RXWSXW�RI�WKH��'�DSSURDFK��

Normalisation of Spectral Data:�$IWHU�UHPRYDO�
RI�WKH�WKHUPDO�HPLVVLRQ�FRPSRQHQW��FI��>��@�RU�>��@���
WKH�REVHUYHG�UHIOHFWDQFHV�DUH�QRUPDOLVHG�WR�UHIHUHQFH�
JHRPHWU\�EDVHG�RQ� WKH�+DSNH�$06$�PRGHO� >�@�XV�
LQJ� WKH� OXQDU�SDUDPHWHUV�GHWHUPLQHG� LQ� >��@�DQG� WKH�
VLQJOH�VFDWWHULQJ� DOEHGR� HVWLPDWHG� SL[HO�ZLVH� XVLQJ�
WKH� '(0�� DQG� EDVHG� RQ� WKH� HPSLULFDO� SKRWRPHWULF�
IXQFWLRQ� SURSRVHG� E\� +LFNV� HW� DO�� >��@�� 2SWLRQDOO\��
WKH�GLVWRUWLRQ�RI�WKH�VSHFWUD�GXH�WR�VPDOO�VFDOH�WRSR�
JUDSK\�FDQ�EH�FRPSHQVDWHG�XVLQJ� WKH�HPSLULFDO�PH�
WKRG�SURSRVHG�LQ�>������@��7KLV�FRUUHFWLRQ�FDQQRW�EH�
DFKLHYHG�ZLWK�WKH�SKDVH�DQJOH�GHSHQGHQW�DSSURDFK�LQ�

Fig. 1:� ,PDJH� 5HJLVWUDWLRQ�� 6XUIDFH� IHDWXUH� LPDJHV� �D��
DQG� �E�� DUH� H[WUDFWHG� IURP� VLQJOH� UDGLDQFH� LPDJHV�� �F��
7KH�IHDWXUH�LPDJH�LV�RYHUODLG�RQ�WKH�'(0�DQG�SURMHFWHG�
LQWR� WKH� FDPHUD�� 7KH� H[WULQVLF� FDPHUD� SDUDPHWHUV� DUH�
GHWHUPLQHG� DQG� XVHG� WR� UHJLVWHU� WKH� UHIOHFWDQFH� LPDJHV�
�G��DQG��H���
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>��@�DV� WKH�SKDVH�DQJOH� LV�DOPRVW�FRQVWDQW� LQ� WKH�UH�
JDUGHG� LPDJHV�� 7KH� FRQWLQXXP� RI� WKH� VSHFWUXP� LV�
UHPRYHG� EDVHG� RQ� WKH� FRQYH[� KXOO� DSSURDFK� >��@��
)RU�HDFK�RI�WKH�WKUHH�UHJDUGHG�WHVW�UHJLRQV��IRXU�HYHQ�
�VXUIDFH�VORSH�������VXEUHJLRQV�RI�����[�����P��VL]H�
ZHUH�VHOHFWHG�EDVHG�RQ�WKH�FRQVWUXFWHG�'(0��

)RU�HDFK�WHVW�UHJLRQ��)LJ����VKRZV�WKH�FRQWLQXXP�
UHPRYHG�VPRRWKHG�UHIOHFWDQFH�VSHFWUXP�RI�RQH�VXE�
UHJLRQ�DQG� LWV� UDWLR�ZLWK� UHVSHFW� WR� WKH�VSHFWUXP�DF�
TXLUHG�DW� WKH�SKDVH�DQJOH��� FORVHVW� WR������ IRU�QRU�
PDOLVDWLRQ�ZLWK�WKH�+DSNH�$06$�PRGHO�>�@��

)LJ����VKRZV�WKH�VKLIW�ǻȜDEV�RI�WKH�DEVRUSWLRQ�ZD�
YHOHQJWK� DEV� RI� WKH� DEVRUSWLRQ� WURXJK� DURXQG�
�����QP� DQG� WKH� UHODWLYH� YDULDWLRQ� į�į�� RI� WKH� EDQG�
GHSWK�į�ZLWK�FKDQJLQJ�SKDVH�DQJOH��IRU�WKH�WURXJKV�
DURXQG� �����QP� DQG� �����QP�� 7KH� UHODWLYH� EDQG�
GHSWK�YDULDWLRQV�DUH�FRPSXWHG�DV� WKH� UDWLRV�EHWZHHQ�
WKH� YDOXHV� RI� į� IRU� WKH�JLYHQ�SKDVH� DQJOH�� DQG� IRU�
WKH�SKDVH�DQJOH����UHVSHFWLYHO\��ZKHUH�ǻ� ��±����
7KH� HUURU� EDUV� GHQRWH� WKH� VWDQGDUG� GHYLDWLRQV� RYHU�
WKH� VXEUHJLRQV��7KH� ILWWHG�FXUYHV�DUH�ELDV�IUHH�SRO\�
QRPLDOV�RI��QG�RUGHU�IRU�ǻȜDEV�DQG�RI��VW��DQG��QG�RUGHU�
LQ�WKH�ORJDULWKPLF�VFDOH�IRU�WKH�GHSWKV�RI�WKH�DEVRUS�

WLRQ� WURXJKV� DW� �����QP� DQG� �����QP�� ILWWHG� WR� WKH�
DYHUDJHV� RYHU� WKH� VXEUHJLRQV�� )RU� QRUPDOLVDWLRQ�
EDVHG� RQ� WKH� +DSNH� $06$� PRGHO� >�@� ZLWK� ZDYH�
OHQJWK�LQGHSHQGHQW� �H[FHSW� IRU� WKH� VLQJOH�VFDWWHULQJ�
DOEHGR�� SDUDPHWHUV�� ZLWK� LQFUHDVLQJ� SKDVH� DQJOH� �
WKH� YDOXH� RI�DEV� EHFRPHV� VPDOOHU�� WKH� GHSWK� RI� WKH�
�����QP� WURXJK� LQFUHDVHV�� DQG� WKH� GHSWK� RI� WKH�
�����QP� WURXJK� GHFUHDVHV�� ,Q� FRQWUDVW�� WKH� QRUPDOL�
VDWLRQ� E\� +LFNV� HW� DO�� >��@� EDVHG� RQ� ZDYHOHQJWK�
GHSHQGHQW�SDUDPHWHUV�OHDGV�WR�D�ELPRGDO�GLVWULEXWLRQ�
RI� ǻȜDEV� IRU� ǻ�!������ UHVXOWLQJ� LQ� KLJK� IOXFWXDWLRQV�
DFURVV� WKH� VXEUHJLRQV��ZKLOH� ERWK� DEVRUSWLRQ� GHSWKV�
GHFUHDVH�ZLWK�LQFUHDVLQJ�SKDVH�DQJOH��

Conclusion:� 7KH� REVHUYHG� DEVRUSWLRQ� ZDYH�
OHQJWK�DQG�EDQG�GHSWK�YDULDWLRQV�KDYH�EHHQ�IRXQG�WR�
EH�SKDVH�DQJOH�GHSHQGHQW��7KHUHIRUH��WKH�QRUPDOLVD�
WLRQ� RI� FRQWLQXXP�UHPRYHG� VSHFWUD� FDQ� EH� UHILQHG�
HLWKHU�E\�DSSO\LQJ�DQ�HPSLULFDO�FRUUHFWLRQ�WR�WKH�H[�
WUDFWHG�VSHFWUDO�IHDWXUHV��FI��)LJ�����RU�E\�SHUIRUPLQJ�
D� QRUPDOLVDWLRQ� EDVHG� RQ� WKH� +DSNH� $06$�PRGHO�
ZLWK�DSSURSULDWH�ZDYHOHQJWK�GHSHQGHQW�SDUDPHWHUV��
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Introduction: The Diviner Lunar Radiometer is 

the first multispectral thermal instrument to globally 
map the surface of the Moon. This unprecedented 
and growing dataset is revealing the extreme nature 
of the lunar thermal environment, surface composi-
tion and thermophysical properties.  

 Diviner Lunar Radiometer: Launched onboard 
NASA’s Lunar Reconaissance Orbiter in June 2009, 
the Diviner Lunar Radiometer is a nine channel 
pushbroom mapping radiometer designed to measure 
broadband reflected solar radiation and emitted 
thermal infrared radiation between 0.3 and 400 µm 
(Table 1) at spatial resolutions ranging from 0.2 to 
1.3 km, depending on mission phase [1]. The two 
solar reflectance channels (ch. 1-2) are used to char-
acterize the photometric properties of the lunar sur-
face. The three shortest wavelength thermal infrared 
channels (ch. 3-5) were specifically designed to 
characterize the mid-infrared Christiansen Feature 
[2]. Diviner’s longer wavelength thermal infrared 
channels (ch. 6-9) broadly span the thermal infrared 
and are used to characterize the lunar thermal envi-
ronment, including thermophysical properties such 
as rock abundance and surface roughness. [1]  
 

Table 1: Diviner Spectral Passbands 
Ch. Type Start (µm) End (µm) 

1 Solar 0.35 2.8 
2 Solar 0.35 2.8 
3 8 µm 7.55 8.05 
4 8 µm 8.10 8.40 
5 8 µm 8.38 8.68 
6 Thermal 13 23 
7 Thermal 25 41 
8 Thermal 50 100 
9 Thermal 100 400 

 

Coverage and Data Products: After almost 
three years of nearly continuous mapping, Diviner 
has now acquired observations over six complete 
diurnal cycles and three complete seasonal cycles. 
Diviner bulk daytime and nighttime observations 
have essentially global coverage; however, for any 
given area, two hours of local time coverage is typi-
cally 50% and 60% (Figure 1). Calibrated Diviner 
data (entire mission up through 12/15/11) and global 
maps (first year of 50 km mapping orbit) of visible 
brightness, brightness temperature, channel-
integrated bolometric temperature, rock abundance, 
nighttime soil temperature, and silicate mineralogy 
are available from the PDS Geosciences Node [3,4].  

Thermal Environment: The lunar thermal envi-
ronment is extreme and complex, and posses chal-
lenges and opportunities for future landed missions. 
Surface temperatures in equatorial regions such as 
 

 
Figure 1: Example of Local Time Coverage.    Diviner 
ch. 7 nighttime brightness temperature maps of Green 
Crater separated into 2 hour local time bins as indicated. 
Stretch 90K (blue) to 140K (red). 
 

the Apollo landing sites are close to 400K at noon, 
and less then 100K at night, with annual average 
temperatures at depth of approximately 250K [5]. 
Diviner data have been used to identify areas with 
subsurface temperatures that are significantly hotter 
and colder than latitudinal averages. These thermally 
atypical regions extend the range of  latitudes and 
the range of lunar environments that can be accessed, 
explored and sampled [6].  

In the polar regions, Diviner observations place 
strong constraints on the thermal stability of polar 
volatiles. The lunar polar regions contain large areas 
within permanently shadowed craters with annual 
average temperatures of less than 50K (Figure 2). 
These regions are cold enough to permit the stability 
of near-surface water ice, as well as a range of more 
volatile and less volatile compounds. Frozen vola-
tiles are thermally stable below the surface in many 
regions surrounding permanently shadowed areas 
within ~10 cm of the surface. [7]  

Silicate Mineralogy: Diviner was designed to 
characterize the Christiansen Feature (CF) and con-
strain lunar silicate mineralogy (Figure 3) [2]. The 
CF is tied to the fundamental vibrational band and 
shifts to shorter wavelengths with increasing 
polymerization of the SiO4 tetrahedra (e.g. quartz 
and plagioclase feldspar exhibit CFs at shorter wave-
lengths than less polymerized pyroxene and olivine) 
[e.g. 8]. Given the relatively restricted geochemistry 
of the lunar surface, Diviner measurements of CF 
position can be use to infer some geochemical abun-
dances, including FeO [9].  
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Figure 2: Polar Average Temperature. Maps of average 
bolometric termperature measured during Diviner’s initial 
mapping phase for the North (top) and South (bottom) 
Poles. Outer latitude ring is 80°. 

 

Diviner data have been used to identify areas 
with striking compositional diversity and have con-
firmed the presence of high silica minerals such as 
quartz or alkali feldspar for several lunar “red spots” 
and the Compton Belkovich anomaly on the lunar 
farside [10,2] and anomalous plagioclase composi-
tions that were poorly sampled by Apollo [2,11]. 
Diviner compositional data data provide an im-
portant constraint on plagioclase abundance that can 
be used to infer the amount of country rock mixing 
[2,12]. These data are of critical importance for 
evaluating high value landing site targets in the SPA 
Basin and elsewhere.  

Rock Abundance and Surface Roughness: 
Analyses of Diviner's dataset reveal the presence of 
significant regional and local variations in the ther-
mophysical properties of the lunar regolith due to the  

 

 

 

 
Figure 3: Diviner Global Maps. From top to bottom, 
Diviner maps of lambert albedo (stretched 0 to 0.25), sili-
cate mineralogy (CF position, 7.8 to 8.55 µm), rock abun-
dance (fractional coverage, 0 to 5%), and nighttime rego-
lith temperature (70 to 120 K). 
 

presence of blocks and impact melt exposed by re-
cent impacts, as well as regions of anomalously low 
thermal conductivity surrounding small, fresh impact 
craters (Figure 3). Both the presence of rocks in a 
predominately particulate surface and surface rough-
ness induce variable temperatures or anisothermality 
within a given Diviner pixel. Anisothermality causes 
a wavelength difference in apparent brightness tem-
perature. By using multispectral Diviner observa-
tions, it is possible to assess the magnitude of aniso-
thermality and quantify the surface coverage of 
rocks, the temperature of the rock-free regolith, or 
the approximate RMS roughness of the surface. 
[6,13] 

References: [1] Paige D.A. et al. (2010) SSR, 
150, 125. [2] Greenhagen B.T. et al. (2010) Science, 
329, 1507. [3] Paige D.A. et al. (2011) LPSC XLII, 
#2544. [4] Greenhagen B.T. et al. (2011) LPSC 
XLII, #2679. [5] Vasavada A.R. et al. (2012) JGR, 
submitted. [6] Bandfield J.L. et al. (2011) JGR, in 
press. [7] Paige D.A. et al. (2010) Science, 330, 479. 
[8] Logan L.M. et al. (1973) JGR, 78, 4983. [9] Alen 
C.C. et al. (2012) JGR, submitted. [10] Glotch T.D. 
et al. (2010) Science, 329, 1510. [11] Donaldson 
Hanna K.L. et al. (2012) LPS XLIII, Abstract #1968. 
[12] Lucey P.G. and Greenhagen B.T. (2012) LPS 
XLIII, Abstract #1736. [13] Hayne P.O. et al. (2012) 
LPS XLIII, Abstract #2829. 
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Introduction:  Historically, planetary and lunar 

rovers have been wheeled-driven. While this is usu-
ally seen as an advantage –due to the flight experi-
ence– in some cases, the unavoidable presence of 
gears and mobile parts can be a significant hazard to 
the mission. The abrasive lunar regolith has been the 
origin of substantial problems with the Apollo rov-
ers. 

Here we propose a completely different scheme: 
a spherical rover in which all the moving parts are 
protected from the environment by an external spher-
ical shell. 

Roving mechanism:  The rover moves by dis-
placing a mass from its equilibrium position. Once 
perturbed, the rover rotates to gain its equilibrium 
orientation. By perturbing this equilibrium the rover 
can move, and even climb slopes. There are two im-
portant figures of merit of these kind of rovers: the 
ratio between the counterweight mass and the total 
mass (µ), and the ratio betwen the position of the 
center of mass and the radius of the spherical shell 
(δ). Then, the maximum slope that can be climbed is 

 
βmax = sin-1 (δµ)   (1) 
 

It must be noted that both δ and µ are less (or equal 
in the extreme, unfeasible, case) than 1, and that to 
obtain this expression we have assumed that the 
sphere does not slide. For typical cases, δ≈0.7 and 
µ≈0.5, which allows the rover to ascend slopes of 
less than 21 degrees. Our goal is to design the rover 
in such a way that it would be able to climb slopes 
up to 35 degrees, near the limit slope for regolith. 
This can be done, for example, by substitutind the 
dead counterweight mass with batteries and/or other 
massive components. 
      The rover can also steer by displacing the coun-
terweight sideways of the translation path. In this 
way we can control the direction in an effectively 
manner. 
      By its simplicity, the propulsion mechanism is 
very robust, and hence it offers a high level of safety 
at a minimum cost. 
      There are several similar, indipendent designs in 
the literature, as can be seen in [1,2]. 

Open issues:  There are still some open issues. 
The most important is related to the endurance, as 
the spherical shell is not very apt as a solar cell sub-
strate. In any case, even if we had solar cells on the 
surface of the rover, they would be covered by rego-
lith, and their efficiency would be severely dimis-
nished. To deal with this problem we are exploring 

the possibility of employing wireless power trans-
mission [3,4]. In this case, the lander (mandatory for 
our rover design) would act as the energy provider; 
the energy could be relayed by laser means (with the 
problem again of the regolith covering the outer sur-
face of the spherical shell) or by resonant inductive 
coils [3,4,5]. To do so witha good efficiency, it is 
essential that the resonant coils are alineated; this is 
not a problem, as the classical ball-plate problem has 
been satisfactory solved, and efficient algorithms are 
provided by [6]. 

There is also an issue with communications, that 
we have solved by using small antennas whith con-
trolled phase shifts to modify the antenna pattern and 
make it more directive. The lander, provided witha 
high gain antenna, would then be used as a radio 
relay. 

Thermal control will be provided by a completely 
passive system employing surface coatings (affected 
again by the regolith and its thermal properties) and 
by an interior shell of aerogel. 

Applications: this kind of rovers can be used in 
several ways. The first one is as stand-alone explora-
tion rovers, carrying experiments and cameras to 
points up to several hundreds of meters to the lander. 
Even if the lander is the main scientific vehicle, the 
landing procedures will perturb the state of the rego-
lith near to the lander, thus modifying to some de-
gree the scientific results. Having the possibility to 
move a few tens of meters (well beyond the reach of 
robotic arms) would ensure the access to pristine 
materials. They could laso act as scouts –or naviga-
tion aids– for larger, more advanced rovers. These 
rovers, probably wheel-driven, or leg-drive, have a 
typical speed much lower than spherical rovers, and 
safety issues would preclude its use on rough envi-
ronments, like inside craters, where these small rov-
ers could extend the mission’s operational capabili-
ties. In all cases, the algorithms [6] used to align the 
coils in the case of using resonant inductive coupling 
would easilly allow to point the experiments carried 
on the spherical rover if necessary. 

References: 
[1] Bruhn, F. et al. (2008) Acta Astronautica, 63, 

618–631. [2] Armour, R. H., and Vincent, J. F. V. 
(2006) J. Bionic Eng., 3, 195–208. [3] Kurs, A. et al.. 
(2007) Sci., 317, 83–86. [4] Bou, E. (2010), In Space 
Wireless Power Transmission Systems, Degree The-
sis, Universitat Politècnica de Catalunya. [5] Sedwik, 
R. J. (2012), Ann. Phys., 327, 407–420 [6] Mukher-
jee, R. et al., J. Dyn. Sys., 124, 502–511   
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Introduction:  The Google Lunar X PRIZE, 

launched in 2007, has a $20million prize purse to be 
awarded to the first privately funded team to land a 
robotic spacecraft on the surface of the Moon, move 
500 meters and send back images and data. A second 
prize of $5million is available, as are $5millon of 
bonus prizes including water detection and imaging 
lunar heritage sites. With 26 teams competing, many 
from Europe, and some teams projecting launch 
dates in 2014 and 2015, there are opportunities for 
scientists to partner with teams to carry small science 
payloads.  

 
Over the past 12 months, a  number of discus-

sions and meetings have taken place (in conjuction 
with the NASA Lunar Science Institute and others) 
to determine what sorts of small science payloads 
may be appropriate. A session at the 43rd Lunar and 
Planetary Science Conference recently held in Texas, 
further developed these ideas, which include seis-
mometers, retroreflectors, dosimeters, and different 
imaging systems. 

 
At the European Lunar Science Symposium, the 

author will introduce the current thinking on possible 
lunar science opportunities, introduce the European 
teams (many will be present) and our European Out-
reach Manager, and be seeking further feedback and 
ideas from the scientists present. We hope to inspire 
some productive collaborations. 
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Lessons From Lunar Exploration: Ten things we 

have learned about the Moon from past and recent mis-
sions and analyses provide a fundamental scientific 
legacy and have set the stage for our thinking about the 
early evolution of the Earth and other planetary bodies 
and provided an important set of goals for future human 
and robotic exploration: 1) The Moon formed from 
the impact of a Mars-sized object into early Earth: 
How does this process, and its immediate aftermath, set 
the Moon on an evolutionary path that is the same as, or 
different than, other planetary bodies? 2) The early 
Moon was characterized by a global-scale magma 
ocean: Near-global melting caused by accretional ener-
gy produced an anorthositic highland crust, a "primary 
crust". Is the evolution of the lunar "primary crust" 
unique? How do primary crusts on planets with differ-
ent compositions and interior structures form and 
evolve? 3) The Moon initially differentiated into 
chemical layers, including a crust and mantle, which 
set the stage for further evolution: What is the nature 
of late-stage crustal differentation processes and how 
do they contribute to the character of lower planetary 
crusts? 4) The chemical and thermal nature of these 
stratified layers may have led to net negative buoy-
ancy, large-scale overturn, and significant vertical 
mixing: Is this predicted early overturn unique to the 
Moon or applicable to other planets, including Earth? 5) 
The Moon is stratified into mechanical layers; the 
lithosphere, the outer thermal boundary layer, 
thickened and became less heterogeneous with time:  
What controlled the initial thickness, variability and 
rates of thickening on the Moon and other planets? 
What are the major mechanisms of lithospheric heat 
transfer (e.g., conduction, convection, advection, plate 
recycling) in space and time on each planetary body? 6) 
Tectonically, the Moon is a one-plate planet, charac-
terized by a globally continuous lithosphere: How 
does the evolution of the global state of stress in the 
lithosphere, recorded in the sequence of tectonic fea-
tures, and the thickness of the lithosphere with time, as 
recorded in its flexural response to loads and in the 
gravity field, vary from body to body? 7) Lunar vol-
canism records processes of mantle melting in space 
and time, and the volcanic record reflects the gen-
eral thermal evolution of the Moon, including the 
state and magnitude of stress in the lithosphere: The 
unique ability to link lunar samples to specific deposits 
significantly enhances our understanding of these pro-
cesses: for example, recent results implicate water in 
the formation of volatile-rich pyroclastic eruptions. 
How does the volcanic record of the planets differ,and 
why? 8) The Moon is a fundamental laboratory for 

the study of impact cratering processes, particularly 
at the complex crater to multi-ring basin scale:  The 
ability to combine studies of lunar impact breccias and 
melts with crater and basin deposits considerably en-
hances this understanding. How can this understandig 
be applied to other planets? 9) The Moon is a template 
for the record of the distribution and history of im-
pactors in the inner solar system:  The lunar cratering 
record, in conjunction with the unique chronology af-
forded by returned and dated samples, can inform us 
about a) the reality of a Late Heavy Bombardment, b) 
the changing size-frequency distribution of impactor 
populations with time, c) the potential non-linear nature 
of the bombardment record in the last half of solar sys-
tem history, and d) the likelihood of species-terminating 
future impact events on Earth. 10) Volatiles play a 
more important role in lunar evolution than previ-
ously thought: Recent reports of detection of water and 
water-related species: a) as coatings on surface miner-
als, b) in buried near-polar deposits, and c) in mantle 
derived melts, all provide exciting insight into a range 
of water-related processes during different times in lu-
nar history, including accretion, differentiation, come-
tary impact, and interaction with the solar wind. 

Role of the Moon in Future Planetary Explora-
tion: In what context does this integrated comparative 
planetology perspective place the Moon? Some see the 
Moon as a cornerstone: this metaphor implies that the 
Moon is of extreme importance because all other stones 
will be set in reference to it, thus determining the posi-
tion of the entire structure. The Moon as a keystone 
implies a central cohesive source of support and stabil-
ity for ideas about the formation and evolution of plan-
ets. Still others see the Moon as a Blarney stone: those 
who have "kissed the stone" have been imparted with 
an excessive skill in flattery about the Moon. It can be 
argued that the lessons from comparative planetology 
place the Moon where it belongs, as one member of a 
family of Solar System objects, each of which provides 
insight into fundamental lessons of planetary evolution. 
As such, an appropriate metaphor for the Moon might 
be a touchstone, which refers to any physical or intel-
lectual measure by which the validity or merit of a con-
cept can be tested. 

The Renaissance of Lunar Exploration and What 
it Means for the Future:  At the advent of the atomic 
age, Albert Einstein is reported to have said: "Every-
thing has changed but our way of thinking", a thought 
that might be applied to our current understanding of 
the Moon and its role in Solar System exploration. Fol-
lowing the foundation of dozens of robotic and human 
missions to the Moon by the United States and the So-
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viet Union, recently ESA, Japan, China, India and the 
United States have launched comprehensive missions to 
the Moon, and each, as well as Russia, has plans for 
continuing lunar exploration. The onslaught of new data 
is monumental, and the data are just barely starting to 
be ingested, digested and analyzed. Nonetheless, the 
future is clear. We are on the verge of a renaissance in 
our study and understanding of the Moon. We are ac-
quiring extremely high spatial and spectral resolution 
data across a wide wavelength range. This has changed 
everything, and fundamental changes in our way of 
thinking will surely follow: The distribution of rocks 
from the lunar sample collection can now be mapped 
globally. New minerals and rock types are being dis-
covered. The provenance of recognized rock types can 
be studied and established using new very high spatial 
and spectral resolution data. The mineralogy and con-
text of individual large boulders and clusters of boul-
ders can be mapped, and then placed in their geological 
contexts. Models of crustal stratigraphy can be tested 
and depth of sampling of craters can be assessed.  Re-
fined models of crustal stratigraphy and evolution can 
be constructed. New avenues of communications are 
being opened between planetary scientists utilizing ap-
proaches such as mineralogy, petrology, geochemistry, 
geology, spectroscopy, geophysics, etc. The lunar re-
naissance is propelled not just by the new data, but by 
the fundamental foundation and interpretative context 
provided by information collected by dozens of previ-
ous missions, including lunar samples collected by As-
tronauts during the six geological expeditions of the 
Apollo Lunar Exploration Program, and the Soviet ro-
botic sample return missions (Luna 16, 20, and 24), and 
analyzed in sophisticated laboratories on Earth. Collec-
tively, these data have provided a basic framework that 
is unequalled on any planetary body other than the 
Earth.  For Earth, this framework provides unique in-
sight into the formative years of Earth history, a record 
virtually destroyed by the dynamic nature of planet 
Earth.   

Lessons for Future Lunar Exploration: The basic 
framework of the lunar renaissance will crisply define 
the questions to be addressed by a range of new lunar 
robotic missions including multiple geophyscical sta-
tions and networks, multiple farside and nearside sam-
ple return, and long-range rover missions providing 
interpolation, extrapolation and integration between and 
among Apollo, Luna, Lunokhod and future sample re-
turn sites. Opportunities for human and robotic partner-
ships abound, ranging from human-tended science sta-
tions orbiting the Moon, to telerobotic, low latency op-
erations of scientific assets on the lunar farside from 
human science stations at L2. When humans inevitably 
return to explore the surface of the Moon in the coming 
decades, the lunar renaissance will have provided both 
compelling reasons for human exploration and detailed 

locations at which humans can optimize their explora-
tion skills. Careful planning in the next few years can 
encourage and nurture the types of science and engi-
neering synergism that made Apollo such a success, 
and provide a new legacy of fundamental insight into 
the origin and evolution of the Solar System and the 
formative years of our own Home Planet, Earth.   
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Introduction: The chronology of geologic units on the 

lunar surface is based on radiometric ages determined from 

Apollo and Luna landing site samples, regional strati-

graphic relationships, and crater degradation and size-

frequency distribution measurements (CSFDs) [e.g., 1]. 

Accurate age estimates, for example of mare basalts, are 

necessary to place constraints on the duration and flux of 

lunar volcanism and the petrogenesis of lunar mare basalts 

and their relationship to the thermal evolution of the Moon 

[1, 2]. In addition, crater counts on ejecta blankets allow us 

to date individual craters, such as the stratigraphically 

important Copernicus crater. CSFDs on light plains enable 

us to test hypotheses of their origin. In particular, we can 

test the hypotheses that they were formed by a special type 

of highland volcanism [e.g., 3], by the impacts of either the 

Imbrium or the Orientale events [e.g., 4], or by the impacts 

of local/regional craters [e.g., 5]. New data from the inter-

national armada of lunar spacecraft provide the minera-

logical, geochemical, morphological, topographic and age 

data that will further refine our understanding of the abso-

lute stratigraphy of geologic units on the Moon. 

Data and Methods: For our age determinations, we 

used Lunar Orbiter, Lunar Reconnaissance Orbiter Narrow 

Angle (NAC) and Wide Angle Camera (WAC), and 

Kaguya Terrain Camera (TC) images. The well-

established technique of CSFD measurements is described 

elsewhere [e.g., 6-9]. To obtain the relative or absolute age 

of a photogeological unit, one must (1) measure the sur-

face area of the unit, and (2) measure the diameters of each 

primary impact crater within this unit. The cumulative 

crater density of a geologic unit at a fixed reference diame-

ter is directly related to the time the unit has been exposed 

to the meteorite flux and therefore gives a relative age of 

this unit. To obtain absolute model ages from CSFD meas-

urements one has to link the radiometric ages from the 

returned samples to crater counts of the landing sites to 

establish the lunar cratering chronology [e.g., 8, 10-13].  

Results: Mare basalts: We have dated basalts in 

Oceanus Procellarum, Imbrium, Serenitatis, Tranquillitatis, 

Humboldtianum, Australe, Humorum, Nubium, Cognitum, 

Nectaris, Frigoris, and numerous smaller occurrences 

within impact craters and sinus and lacus areas, most of 

which are of late Imbrian age [1]. Our results confirm and 

extend the general distribution of ages of mare basalt vol-

canism and further underline the predominance of older 

mare basalt ages in the eastern and southern nearside and 

in patches of maria peripheral to the larger maria, in con-

trast to the younger basalt ages on the western nearside, 

i.e., in Oceanus Procellarum. 

Craters: Our new counts for North Ray, Tycho, and 

Copernicus craters fit, and thus support, the lunar chronol-

ogy of [14] at young ages [15]. Our data are also generally 

consistent with a constant impact rate, although with only 

three data points we cannot exclude small episodic varia-

tions in the cratering rate. Variations in impact rate caused 

by cometary showers were suggested to occur periodically, 

for example, due to perturbation of the Oort cloud by ga-

lactic tides, the passage of the Solar System near a molecu-

lar cloud, or an unseen star [e.g., 16]. However, Bailer-

Jones [17] systematically re-investigated the available data 

and found no periodicity, similar to results of [18-19].  

Light plains: The ages of light plains vary by 360 Ma, 

making it unlikely they formed by a single event. How-

ever, nine units formed in a relatively close interval of  

3.70-3.79 Ga. The oldest age of which post-dates the im-

pacts of Imbrium and Orientale, which formed around 3.91 

and 3.84 Ga, respectively [12] However, in the stratigra-

phy of [20], Orientale is 3.72-3.85 Ga old and Imbrium is 

3.77-3.85 Ga old. Thus, it is possible that these nine units 

are associated with one or both of these impacts. 

Conclusions: On the basis of our CSFDs we find that 

(1) in the investigated basins lunar volcanism was active 

for almost 3 b.y., starting at about 3.9-4.0 b.y. ago and 

ceasing at ~1.2 b.y. ago, (2) most basalts erupted during 

the late Imbrian Period at about 3.6-3.8 b.y. ago, (3) sig-

nificantly fewer basalts were emplaced during the Eratos-

thenian Period, (4) basalts of possible Copernican age 

were only found in limited areas in Oceanus Procellarum, 

(5) our derived model ages of the ejecta blankets of Tycho, 

Copernicus, and North Ray agree well with radiometric 

and exposure ages of the Apollo 16, 17, and 12 landing 

sites, respectively; (6) our new crater counts for the Co-

pernicus ejecta blanket better fit the lunar chronology than 

previous counts; (7) the new counts are generally consis-

tent with a constant impact rate over the last 3 Ga; small 

variations can not be resolved in our data and require fur-

ther investigations, (8) ages derived for light plains within 

the South Pole-Aitken basin show a wide range and cannot 

be solely linked to either the Orientale or the Imbrium 

impact, (9) a volcanic origin of at least some of the light 

plains cannot be excluded. 

References: [1] Hiesinger et al., 2011. [2] Whitten et 

al., 2011. [3] Neukum, G., 1975. [4] Chao et al., 1973. [5] 

Oberbeck et al., 1974. [6] Hartmann, 1966. [7] Crater 

Analysis Techniques Working Group, 1979. [8] Neukum, 

1983. [9] Hiesinger et al., 2000. [10] BVSP, 1981. [11] 

Strom and Neukum, 1988. [12] Neukum and Ivanov, 1994. 

[13] Stöffler and Ryder, 2001. [14] Neukum et al., 2001. 

[15] Hiesinger et al., 2012. [16] Gardner et al., 2011. [17] 

Bailer-Jones, 2011. [18] Grieve, 1991. [19] Jetsu and Pelt, 

2000. [20] Stöffler and Ryder, 2001.  

42
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. 
Introduction and rationale: A body that is allowed 
to float freely in a given gravitational field is referred 
to as  ‘weightless’, no hydrostatic pressure gradients 
exist within it. Interfering external forces create rela-
tive acceleration, and inertial forces ensue in the 
opposite direction. When a person stands upright, 
free fall (footward) is counteracted by the ground 
that generates headward acceleration and an ‘eye-
balls down’ inertial force (+Gz). That force triggers 
relative movement between organs and tissues that 
differ in density, until further deformation is imped-
ed by anatomical anchoring (e.g. in the inner ear 
graviceptors). Further, hydrostatic pressure gradients 
occur throughout fluid-filled spaces, such as in the 
arterial and venous system, respectively. 
On Earth, there is a pressure gradient of 1 kPa (7,5 
mmHg) per meter height difference in a given (open) 
vascular system. For instance, arterial blood pressure 
differs by ≈130 mmHg between brain and lower legs 
(depending on body length), putting the brain in dis-
advantage in terms of perfusion pressure when a 
person stands upright. In fact, an important aspect of 
proper cardiovascular functioning is how exactly 
arterial and venous pressures change with any given 
postural change. 
A common concept here is to identify the location at 
which pressure stays unchanged when a person 
moves from one position (e.g., supine) to another 
(e.g., upright). This point would then serve as a natu-
ral reference for cardiovascular adaptations that be-
come necessary when postural changes occur, and 
has become known as ‘hydrostatic indifference 
point’ (HIP). An HIP is not defined by a certain ana-
tomical location; rather, it depends on the system 
(arterial, venous) and exact postural change consid-
ered (because blood volume distribution, fluid col-
umn extension, vascular biomechanics and neuro-
hormonal status all shift with body position). In hu-
mans changing between supine and upright, the arte-
rial HIP resides at heart level while the venous HIP 
is found below the diaphragm, roughly at liver level 
(Gauer & Thron 1965). Interestingly, pressure recep-
tors are located outside the referring hydrostatic 
zones, which means that postural changes are able to 
trigger appropriate cardiovascular reflex effects 
(Hinghofer-Szalkay 2011). 
Where are the HIPs located when the inertial force 
has different magnitude – such as on the surface of 
the moon, where gravity is only 1/6 of Earth level? 
This has not yet been investigated. Even more im-
portant, however, is the fact that hydrostatic gradi-
ents will be accordingly decreased (to 1/6 Earth lev-
el), meaning that (ceteris paribus) brain perfusion is 
much less jeopardized when standing upright on the 
moon. Orthostatic problems are certainly not to be 
expected from that perspective. 

The real question, of course, is just how much moon 
gravity is sufficient as a countermeasure against car-
diovascular deconditioning; nobody knows for sure. 
Simulation of 1/6 G on Earth (i.e., head-up tilt to 
≈10°) is probably hampered by the fact that the full 
effect of 9.81 ms-1 is still present, even if not acting 
in the z axis (this argument applies to all bed rest 
models of weightlessness simulation, however). 
Conclusion: Effects of moon gravity on the human 
cardiovascular system can be expected to be propor-
tionally weaker than on Earth, where hydrostatic 
pressure gradients can cause orthostatic problems 
and loss of consciousness. At the same time, cardio-
vascular training is an important everyday counter-
measure: frequent orthostatic challenges are salient 
to keep circulatory regulation and blood pressure in a 
physiological range. It is unknown to what degree 
the physical circumstances on the moon will suffice 
to keep the regulation of blood pressure and arterial 
perfusion at a resilience level that would allow as-
tronauts to successfully cope with the higher gravita-
tional stress upon their return to Earth. 
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Introduction:  The lunar surface is an excellent 

laboratory to study dusty plasma processes that are 
relevant to all airless objects throughout the solar 
system. The solar wind and UV radiation lead to 
charging of exposed surfaces, and the formation of 
plasma sheaths above them. Near-surface intense 
electric fields are thought to be capable of mobiliz-
ing and transporting small charged dust particles. 
Remote sensing and in situ observations indicating 
dust transport on the Moon date back to the Apollo 
era and remain highly controversial. Dust transport 
on airless bodies can significantly alter our interpre-
tation of spectral identification of asteroids, the 
small-scale surface features of Mercury, and the 
Martian moons Phobos and Deimos. Understanding 
the behavior of dust laden plasma sheaths is of inter-
est in basic plasma and planetary sciences, and holds 
the key to efficient dust hazard mitigation for the 
long-term use of optical and mechanical equipment 
for robotic and human exploration.  
Small-scale Laboratory Experiments: This presen-
tation will describe a series of laboratory experi-
ments investigating the properties of photoelectron 
sheaths, and the emergence of intense electric fields 
near boundaries of lit and dark surfaces, and also 
regions shielded and exposed to the solar wind plas-
ma flow. Our progress in the analysis and interpreta-
tion of the laboratory observations using simple ana-
lytic models and complex plasma simulation tools 
indicates that these models can be used to predict the 
expected properties of the lunar near-surface envi-
ronment with increasing confidence.  
Large-scale Laboratory Experiments: The focus 
of the CCLDAS experimental work includes the 
development of a hypervelocity dust accelerator to 
study the effects of dust impacts on surface in space. 
The typical size of the accelerated dust grain is in the 
range of  0.1 < r < 2 µm and their velocity is in the 
range of 1 < v <  100 km/s. We will describe the 
assortment of diagnostic tools to enable the observa-
tion of the production of secondary ejecta particles, 
neutral gas, plasma, and EM radiation over a wide 
range of frequencies.  
Dusty Plasma Landing Package (DPLP): The 
presentation will conclude with a list of science 
goals and measurement requirements for a set of 
surface experiments that were developed through our 
computer simulation studies, and laboratory experi-
ments. 
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Introduction:!Other the past few years, several 

increasingly sophisticated thermal transfer models 
have been developed to simulate the surface temper-
ature in shadowed lunar craters.  Recent results from 
the Lunar Diviner Radiometer experiment on 
NASA’s Lunar Reconnaissance Orbiter allowing a 
direct experimental comparison for the first time 
(e.g. [1]).  At the same time as these ‘bespoke’ tech-
niques have been developing, there have been im-
provements in the performance and availability of 
commercially available finite element codes that, in 
principle, can be used to carry out similar simula-
tions.  To test this, we present a comparison of dif-
ferent methods for computing the surface tempera-
ture distributions within shadowed craters on airless 
bodies such as the Moon. 

Methodology: The initial aim of this work was 
to test the capability of commercially available finite 
element software, in this case ‘Autodesk Simulation 
Multi-physics 2012’ with previously published mod-
els such as those described in [2], [3] and[4].  

The model described by  [2] was used to calcu-
late the maximum temperature of the shaded side of 
a bowl shaped crater, allowing specific temperatures 
to be compared with an identically shaped crater 
calculated using finite element code (Figure 1).  A 
comparison of these techniques is in progress. 

At the same time, the more complex model de-
scribed by [4] is being implemented using their 
standard test case of an idealised, truncated cone 
based on the aspect ratio and latitude of Peary crater 
(88.6°N 33.0°E, 74km diameter).  This model in-
cludes subtler effects including double shielding 
from the Sun at high latitudes so will provide a sig-
nificantly more robust test of the commercial model. 

Once the results from the multi-purpose finite el-
ement code have been validated, attempts will be 
made to incorporate topographic data measured by 
the LOLA instrument on NASA’s Lunar Reconnais-
sance Orbiter  [5] into the commercial code to allow 
comparison against both LRO Diviner brightness 
temperature data and the output from more sophisti-
cated models such as those described in [1].   

 
 
 
 

 
Figure 1.  Temperature distribution for an ideal-
ised crater calculated using a commercial finite 

element code that includes radiative transfer 
(provisional, using different depth/diameter ratio 

and angle to the Sun) 
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The Moon gives witness to more than 4.5 Ga of So-
lar System history. The Moon is our closest compan-
ion and can easily be reached from Earth at any time, 
even with a relatively modest financial budget. Con-
sequently, the Moon was the first logical step in the 
exploration of our Solar System before we pursued 
more distant targets such as Mars and beyond. The 
vast amount of knowledge gained from the Apollo 
and other lunar missions of the late 1960s and early 
1970s demonstrates how valuable the Moon is for 
the understanding of our planetary system (e.g. [1], 
[2]). Even today, the Moon remains an extremely 
interesting target scientifically and technologically. 
New data have helped to address some of our ques-
tions about the Earth-Moon system, but many remain 
unanswered and new questions arose. In particular, 
the discovery of water at the lunar poles, water and 
hydroxyl-bearing surface materials, other volatiles, 
as well as the discovery of young volcanism have 
changed our view of the Moon. Therefore, returning 
to the Moon is the critical stepping-stone to further 
exploring our immediate planetary neighborhood. 
Here, we present scientific and technological argu-
ments for a Small Lunar Explorations Orbiter (S-
LEO) dedicated to investigate so far unsolved ques-
tions and processes. Numerous space-faring nations 
have realized and identified the unique opportunities 
related to lunar exploration and have planned mis-
sions to the Moon within the next few years. Among 
these missions, S-LEO will be unique, because of its 
unprecedented spatial and spectral resolutions. S-
LEO will significantly improve our understanding of 
the lunar environment in terms of composition, sur-
face ages, mineralogy, physical properties, and vola-
tile and regolith processes. S-LEO will carry an en-
tire suite of innovative, complementary technologies, 
including high-resolution camera systems, spectrom-
eters that cover previously unexplored parts of the 
electromagnetic spectrum over a broad range of 
wavelengths, and a communication system to be able 
to interact with landed equipment also on the farside. 
The S-LEO concept is technologically challenging 
but feasible, and will gather unique, integrated, in-
terdisciplinary datasets and will provide an unprece-
dented new context for all other international lunar 
missions. The most visible mission goals of S-LEO 
will be the identification and mapping of lunar vola-
tiles and the investigation of their origin and evolu-
tion with high spatial as well as spectral resolution 

on a global scale. Spectral mapping in the X-ray, 
ultraviolet and mid-infrared domains will provide 
insight into mineralogical and thermal properties that 
have remained unexplored in these wavelength rang-
es  and which will provide the mineralogical context 
for volatile processes. The determination of the dust 
distribution in the lunar orbit will provide infor-
mation about processes between the lunar surface 
and exosphere supported by direct observations of 
lunar flashes. Measuring of the radiation environ-
ment will finally complete the exosphere investiga-
tions. Combined observations based on simultaneous 
instrument adjustment and correlated data processing 
will provide an integrated geological, geochemical 
and geophysical database. 
Thus, S-LEO is featuring a set of unique scientific 
capabilities w.r.t. other planned missions including: 
(1) dedicated observation of volatiles (mainly H2O 
and OH), their formation and evolution in direct con-
text with the geological and mineralogical surface 
and with high spectral and spatial resolution (< 1 
m/px); (2) besides the VIS-NIR spectral range so far 
uncovered wavelengths in the ultraviolet (0.2 – 0.4 
µm) and mid-infrared (7 - 14 µm) will be mapped to 
provide mineralogical context for volatile processes 
(e.g. sources of oxygen); (3) monitoring of dust and 
radiation in the lunar environment and their interac-
tion with the surface; and (4) monitoring of present-
day meteoroitic impacts.  
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Sampling the Moon:  Manned and unmanned 
missions to the Moon have returned ~382 kg of lunar 
rocks and soils [1]. These were all collected from 
within and around the nearside Procellarum KREEP 
Terrane, or from equatorial latitudes on the eastern 
limb (Fig. 1). Therefore, interpretations of the 
Moon’s geological past have been derived from a 
geographically restricted dataset on the lunar near-
side. Lunar meteorites, in contrast, are sourced from 
random localities on the surface, and, thus, provide a 
better understanding of the geological history of the 
Moon, even though their precise provenance is un-
known. 

  

 
Figure 1. Location of the Apollo and Luna sample return 
landing sites. Also shown are the main lunar geochemical 
crustal terranes as defined by [2]. Overlain on a Clemen-
tine mission albedo map of the Moon. 
 

Lunar meteorites: To date there have been ~154 
individual (named) lunar meteorites collected on 
Earth. These form, through compositional, miner-
alogical or isotopic similarities, ~72 landing-paired 
stones where the material originated from ~51 source 
impact craters on the Moon [3]. Radiogenic isotope 
studies indicate that the majority of known lunar 
meteorites have been launched from the Moon in the 
last 10 million years [4], and all have been launched 
in the last 20 million [5] from small craters only a 
few kilometres or less in diameter [6].  

Scientific significance: Studies of lunar meteor-
ites have helped to advance lunar science by chal-
lenging the paradigms and hypothesis developed 
from studies of Apollo and Luna samples [7]. Exam-
ples of these advances include:  

Understanding the formation of the ancient pri-
mary crust. Feldspathic lunar meteorites (e.g., see 
Fig. 2) provided the first samples from the 
Feldspathic Highlands Terrane on the farside of the 
Moon (Fig. 1), offering new perspectives to the 
compositional diversity of the lunar primary crust [8-
13], and the history of its formation. The diversity of 
anothositic material in lunar meteorites indicate that 
it is probable that the crust did not form in a simplis-
tic single floatation magma ocean event, and that 
more complex geological processes (multiple magma 

oceans, serial magmatism?) were responsible for its 
formation [9, 14-15]. 

 

Figure 2. Scanned thick 
section of feldspathic 
regolith breccia lunar 
meteorite Dar al Gani 
(DaG) 400 [13]. Many 
small rock fragments 
(clasts) of impact melt 
breccias and anorthositic 
lithologies are consoli-
dated together in a fine 
grained matrix. 

 
Understanding the diversity and timing of mantle 

melting and secondary crust formation. Mare basalts 
sampled by the Apollo and Luna missions are typi-
cally bimodal in composition between high-Ti (typi-
cally >10 wt% TiO2) and low-Ti (1-6 wt% TiO2) 
types. However, basaltic lunar meteorites are com-
positionally more diverse than Apollo and Luna 
samples, with many very-low-Ti (VLT <1 wt% 
TiO2: e.g., Figure 3) and intermediate TiO2 (6-10 
wt% TiO2) hand specimens and small rock fragments 
[16] offering new insights to the heterogeneity of the 
lunar mantle [17].  

Basaltic lunar meteorites also represent the 
youngest [18-19] and the oldest [20] sampled mare 
basalt lava flows, providing insights to secular man-
tle melting events, the role of KREEP (late-stage 
products of the lunar differentiation event) in mantle 
melting, and heat flow in the lunar interior.  

 

Figure 3. Scanned thin 
section of crystalline 
basaltic meteorite Miller 
Range (MIL) 05035,34 
[17]. The meteorite has 
a bulk VLT composition 
and is KREEP-poor 
compared with most 
Apollo and Luna mare 
basalts [17]. 
 

 
Understanding the global compositional diversity 

of the lunar surface. Rock and mineral fragments 
within regolith breccia samples have revealed new 
types of lunar lithologies [21] and the existence of 
new minerals [22], demonstrating the complexities 
of lunar geological processes.  

The bulk composition of regolith breccia meteor-
ites (consolidated lunar soils) have been used to help 
calibrate remote sensing geochemical datasets, 
providing a more accurate global perspective of the 
compositional diversity of the lunar surface [23-24]. 
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Understanding the impact bombardment history 
of the Moon and the inner Solar System. A few lunar 
meteorite stones, and many individual rock frag-
ments in brecciated samples (e.g., Fig. 2) were 
formed in impact cratering episodes [13]. Radio-
metric age dating of these samples reveals the timing 
of impacts on the Moon [25-27], and provides a vital 
window to studying the lunar cratering history in 
regions distal to the Imbrium basin-forming event 
(this record dominates the impact history of Apollo 
samples). Unraveling this archive is critical to ad-
dressing if there was a spike in impact bombardment 
in the inner Solar System at ~3.9 Ga (referred to as 
the lunar cataclysm hypothesis [7]), and if there have 
been more recent spikes in the impact record, related 
to the initiation, proliferation and retardation of life 
here on Earth.   

Future perspectives: With the discovery of new 
lunar meteorites in hot and cold desert environments 
here on Earth, we gain a renewed understanding of 
the geological and impact history of the Moon [7].  
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Introduction:  The Kaguya spacecraft was 
launched on September 14, 2007 from the Tanega-
shima Space Center TNSC, and inserted into lunar 
polar orbit on October 4. After deployment of  two 
expandable antenna for radar sounder and mast for 
magnetic field measurement, and checking perfor-
mance of scientific instruments, science observations 
were carried out for twenty one months of nominal  
and extended mission periods. On June 11, 2009 the 
main orbiter impacted on the lunar surface of 
65.5S/80.4E, crater rim of Gill-B, and its mission 
was terminated. The Kaguya team continues to arc-
hive data amounting to ten terabytes to release to 
public and studying the lunar science theme pre-
viously allocated in the beginning of the mission1,2).  

Science Instruments:  Scientific instruments on-
board Kaguya and their abbreviations are summa-
rized in Table 1. Their detailed specifications are 
referred in Ref.2. The instruments are categorized 
into six purposes and plural ones are complementally 
employed using their merits.  The XRS and the CPS 
received critical radiation damages on sensors result-
ing in failure to get useful data. Other instruments 
were very healthy and succeed to acquire lunar data 
with high quality and quantity never collected so far. 

Table 1.  Science Instruments and Abbreviations 
X-ray Spectrometer XRS 
Gamma-ray Spectrometer GRS 
Charged Particle Spectrometer CPS 
Multi-band Imager MI 
Spectral Profiler SP 
Terrain Camera TC 
Lunar Radar Sounder LRS 
Lunar Altimeter LALT 
Relay Satellite Transponder RSAT 
VLBI Radio Source VRAD 
Lunar Magnetometer LMAG 
Plasma Angle Composition Experiment PACE 
Radio Source RS 
Upper Atmosphere Imager UPI 
High Difinition Television System HDTV 

Science Targets:  Lunar studies have advanced 
with the integration of scientific data from various 
categories. The targets of science of the Moon are as 
follows: 
࣭Chemical constituents of the Moon 
࣭Interior structure of the Moon 
࣭Dichotomy of nearside and farside of the Moon 
࣭Differentiation in the magma ocean  
࣭Origin of the lunar magnetic field 
࣭Lunar tectonics. 
  These science targets will be integrated to study 

the origin and evolution of the Moon. 

Targets of sciences on the Moon and from the 
Moon are established by observations of solar wind 
by PACE and terrestrial plasmasphere by UPI. 

Science Summary; The Kaguya science team has 
archived the Kaguya data and has made them availa-
ble to the public3) through JAXA/ISAS’s science data 
providing system DARTS (http://darts.isas.jaxa.jp); 
the team is involved in various studies in which the 
data are used. Although data analysis and science 
study are ongoing, the major scientific achievements 
to date are summarized as follows: 
1) Identification of ubiquitous pure anorthosite in 
outcrops of central peaks of large craters by MI and 
SP. 2) Identification of olivine on the crater rim of 
large crater basins by SP. 3) Discovery of multiple 
reflectors of radio waves under large mares and 
ocean in the nearside by LRS. 4) Use of RSAT for 
confirmation of free-air gravity anomaly in the whole 
Moon and identification of farside anomalies that are 
different from nearside mass concentration anomalies. 
5) Confirmation of lunar global topography by LALT. 
6) Re-estimation of crustal thickness by Kaguya data 
of gravity and topography. 7) Re-estimation of the 
formation ages of nearside and farside mares by cra-
ter counting using high resolution images of TC. 8) 
Confirmation of magnetic anomalies and mini mag-
netosphere by LMAG and PACE. 9) Reconfirmation 
of global distribution of radio-active elements K, U 
and Th by GRS. 10) Discovery of SW proton reflec-
tion from the lunar surface, SW entry into lunar wake, 
and interaction with the Moon by PACE. 11) Con-
firmation of the polar illumination rate by LALT 
topographic data. 12) Remarkable improvement of 
gravitational field of the Moon by RSAT farside and 
VRAD precise measurements. 

The Kaguya mission followed the Clementine and 
Lunar Prospector science- oriented precursor mis-
sions, and has played a significant role as a frontier 
mission. The Chinese orbiters Chang’E-1 and -2, 
the Indian orbiter Chandrayaan-1, and the US 
LRO/LCROSS mission dedicated to landing site 
investigation for human exploration were sent to the 
Moon after the Kaguya launch. Cross-referencing 
of the data acquired by these missions and interna-
tional collaborative studies are indispensable in ad-
vancing the science of the Moon, on the Moon, and 
from the Moon. 
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Introduction:  Radiation at the moon and planetary 
surfaces is dominated by four distinct populations: 
low energy Solar Wind Particles (SWPs), high ener-
gy Galactic Cosmic Rays (GCRs), sporadic high 
energy particles released during Solar Energetic Pro-
ton (SEP) events and secondary (albedo) radiation.  
For planetary surfaces the expected fluxes of primary 
particles, for isotropic distributions of incident parti-
cles, are decreased by 50%, since they are shielded 
below the horizon. On the other hand SEP and GCR 
particles impacting on the planetary surfaces interact 
with nuclei in the regolith and surface materials and 
secondary radiation is produced via processes in-
cluding neutron capture, inelastic scattering and high 
energy spallation. The products of these reactions 
can include neutrons, gamma rays and various nu-
clear fragments. Given the higher energies attained 
by GCR, these induce most of the secondary particle 
production in planetary environments. The precise 
composition and spectra of secondary emission is a 
function of the energy of the incident particles and 
the properties of the local regolith but the dominant 
products are neutrons. An important factor condi-
tioning the neutron albedo radiation from planetary 
surfaces is the presence of water in the soils in suffi-
cient quantity to absorb a significant amount of the 
neutron albedo. Tab 1, describes the contribution of 
the different radiation sources for the radiation envi-
ronment on the Moon. 

 
Tab. 1 - Contribution of the different radiation sources for 
the radiation environment on the Moon 
 

Lunar missions suffer from the exposure to the 
various sources of radiation listed above, both during 
the cruise phase and for the case of landings on the 
Lunar surface[1-4]. Fig. 1 depicts Medium energy 
neutron counts showing the two polar dips which 
indicate water ice. 

 
Fig. 1- Medium energy neutron counts (LP data) showing 
the two polar dips which indicate water ice[5] 

A Lunar Lander mission would be specially suit-
ed to perform measurements of the radiation envi-
ronment on the surface of the moon, enabling to as-
sess the radiation exposure risks not only for manned 
missions, but also for the systems, components and 
materials of spacecraft and of future Lunar facilities. 
Such knowledge would enable to perform further 
validations of the Lunar environment models and 
would be fundamental for establishing radiation haz-
ard mitigation strategies. 
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Introduction:  The moon is wrapped into a dust 

envelope produced by hypervelocity impacts of mi-
crometeoroids or interstellar grains. A more or less 
constant flux of fast projectiles strikes the lunar sur-
face, produces secondary material and a fraction of it 
leaves the surface forming the dust envelope. The 
ejecta particles populating the dust envelop carry 
precious information about the composition of lunar 
surface, the properties of the regolith, as well as 
about the impactor flux itself. Furthermore, meas-
urements of the dynamic properties of the ejectas 
provide a deep insight into the lunar dust production  
mechanism. 

Upcomming exploration of the Lunar dust en-
vironment:  In 2013, the Lunar Dust EXperiment 
(LDEX) on the LADEE spacecraft will measure the 
spatial distribution and grain sizes of the lunar dust 
exosphere [1]. LDEX is an impact ionization detec-
tor, capable of measuring the mass of dust grains in 
excess of 1.7×10-16 kg (radius r≳0.3 µm), in a 50 km 
altitude periapsis orbit about the Moon. Furthermore, 
the detector will for the first time verify the presence 
of nano-sized dust lofted over the terminator regions 
by plasma effects. However, the LDEX dust detector 
lacks the ability to characterize the composition of 
the lunar dust fines. 

Lunar dust detector with chemical analysis 
capability:  So far, the methods used to analyse the 
surfaces of airless bodies are IR and gamma-ray 
spectroscopy. Compositional mapping is based on 
the fact that such bodies are always wrapped in a 
dust exophere produced by high velocity impacts of 
meteoroids. A dust detector with chemical analysis 
capability in orbit around the body is able to map the 
surface composition by determining the composition 
of the surface ejecta [2, 3]. The major advantage of 
this technique is that the in-situ analysis of the 
surface material is very sensitive and is capable to 
determine even trace amounts of chemical species. 
Here we will introduce a lightweight linear impact 
mass spectrometer capable to characterise the com-
position of the surface ejecta and which is sensitive 
enough to verify the presence of water ice on the 
Lunar surface. 
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Introduction:  The proposed Landing site of the 

mission of the GLXP team Team Synergy Moon is 

the Taurus Littorw Region, investigated during the 

Apollo 17 mission. In this study, we investigate the 

potential of the region as a possible landing target.

The Taurus Littrow region is a valley located in 

the Taurus Mountain range, and is ornamented by a 

number of craters and rilles. The mountain range is 

formed on  Mare Serenitatis , near the connection to 

Mare Tranquilitatis. The Taurus system is a ring of 

mountains, in a southern direction from the Littrow 

Crater, which is a heavily worn impact crater.  The 

whole system is located in Lunar nearside.

Geology:  The  Apollo  17  mission  returned 

sampled from that area, improving our understnading 

about  the  region,  in  addition  to  telescope  based 

observation.

Formation. Radioactive dating of of the samples 

indicate  the  edge  of  the  mountains,  as  well  as 

Serenitatis to be 3.8 to 3.9 Billion years. The impact 

Breccia found in the surface indicate a imapct origin 

of the system. [1]

Surface  Properties.  Apollo 17 EVA discovered 

the presence of orange glass beads, which indicates 

the  presence  of  Extrusive  Volcanic  activities. 

However, the albedo of the material is relatively low, 

despite the age. [1]

In the southern uplands, the surface is composed 

of lighter colored magma. 

Formations.  Besides  the  mountain  ring  system 

consisting  of  Northen  Massif,  Bowen  Apollo,  and 

Southern Massif, the region  contains, among other 

things, the crater Lara, and the rille Scarpe. 

Potential Science Objectives:  The fact that the 

location was chosen  as  the Apollo 17 landing site 

already  suggests  the  potential  of  it  as  a  science 

landing site. Besides, since we already have a wealth 

of data from apollo, the prospect of revisiting the site 

is worth investigating. The GLXP mission of Team 

Synergy Moon involves traversing the lunar surface 

using robotic rover and possibly micro-rovers.  The 

Mission  profile  will  probably  not  extend  10 

kilometers in range from landing point. We assume 

the location of the Apollo 17 Lunar Descent Module 

(A17 LDM) as the point of reference (PR)

The regional map.  The Taurus Littorw valley is 

not  circular,  elongated  along  an  axis  pointing 

towards  Serenitatis.  [1]  The  southern  exits  are 

partially  blocked  by  subsequent  crater  formations, 

the  principle  exit  being  the  one  to  the  west,  also 

partially  blocked  by  low  mountains.  The  Orbital 

Gravity  Data  suggests  the  presense  of  multiple 

underlaying basins. [1]

General slope.  The immediate idea at this point 

is finding the large scale sturcture and anomalies of 

the system, which however, does not fall in the scope 

of  TSM mission.  Other  more  specialized  missions 

(e.g. Grail) are intended for this purpose already.

Dynamics.  The crater Lara appears to be a young 

crater,  as the A17 EVA station 3 sample indicates 

(around 100 million years) [1], The lava drapes over 

a scrape, possibly a fault.  Since tectonic activity in 

moon does not occur, the driving force behind such 

fault formation may well be thermal deformation of 

crust.  The  thermal  activity  on  the  surface  can  be 

observed using static sensors inserted into ground.

The Mare basin deposit consists of particles with 

mean radius  40µm, consisting volcanic glass [1]. On 

lunar  surface,  transport  of  microparticles  is  well 

known [2] [3]. The target valley is a almost closed 

system with a exit to a vast low laying basin. It is 

possible to monitor the dust transport in the closed 

system relatively well by monitoring the exits. The 

exits lie within the reachable range of a rover. Static 

sensors  /  microrobots   dropped  from  a  rover  can 

perform the task of monitoring the exits.

The final topic of interest is erosion. There exits 

very  young  Tracks  left  by  A17  EVA,  and 

photographed  by  Lunar  Reconnaissance  Orbiter 

Camera,  from  the  camera  (and  from  theoretical 

models) considerable  erosion is not to expect.  The 

massif  foothills  consists  of  masswasteing  deposits 

[1], which are rather young as well. However, since 

these targets lie within rovers reach, investigation of 

erosion may be undertaken.

Conclusion:  There exists possibilities of science 

return  with  limited  resource  and  instruments  as 

assumed  by  the  mission  profile  of  Team  Synergy 

Moon.  As the team continues to investigate, further 

possibilities and possible targets continue to appear.
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Introduction:  Oriented Cr,Ca-rich symplectitic inclusions in lunar olivines are known as diopside-chromite 
vermicular intergrowths in interiors of olivine grains [1, 2]. Firstly Cr,Ca-symplectites have been studied in 
lunar olivines from lunar rocks delivered by Apollo missions [1, 2]. Later, oriented symplectitic inclusions 
consisting of Ca-clinopyroxene and magnetite/Al-spinel were observed in terrestrial olivine [3]. The available 
optical, EMPA and TEM data published during the last ten years show that spinel-pyroxene symplectites are 
rather typical for olivine from martian meteorites [4-6]. The origin of the spinel-pyroxene symplectites is still 
debated. More than 30 years ago oriented lamellae very enriched in Ca and Cr have been found in Mg-rich 
olivine grains probably associated with a cumulate rock later disintegrated under impact from lunar regolith 
delivered by the soviet Luna-24 lunar mission. Here we report the results of FE-EMPA and FFIB/TEM study 
of one of these olivine grains and discuss a possible mechanism of symplectite formation by a dehydrogenation-
oxidation reaction. 

Results:  The lamellae consist of worm-like intergrowth of FeCr2O4 chromite (Chr) and CaMgSiO4 
diopside (Di), with a Chr:Di molar ratio as 1:2, and display the following orientation relationship: (100)Ol  // 
(111)Chr // (100)Di;  [010]Ol // [211]Chr // [001]Di;; [001]Ol // [011]Chr // [010]Di. The lamella/olivine 
interface is parallel to (100) olivine. The linear extension and the orientation relationship between  the 
symplectic inclusions and olivine matrix might suggest that they have been nucleated on OH-bearing 
deformation defects in the olivine host. Concentration profile measurements for Ca and Cr as well as local mass 
balance calculations led to conclusion that symplectic inclusions have been formed by a solid state reaction in 
olivine without adding of Ca and Cr from the outside of olivine. Symplectite formation was a diffusion-
controlled process and proceeded by cation exchange between olivine host and growing symplectic inclusion 
such as Ca+Cr (olivine) ↔ 2Mg (lamellae) exchange and Cr2+ → Cr3+ oxidation process. Symplectic lamellae 
have been formed by a replacement of olivine for the two-phase assemblage without a change in volume. 
!The chromite-diopside intergrowth attained a “cellular” microstructure formed by a single-stage process 
implying that (a) the exsolution of the calcium-chromium rich lamellae from the olivine and (b) phase 
separation at the symplectitic reaction front were contemporaneous. The time scales estimated from the calcium 
diffusion profile indicate a short lived thermal event affected the oxidation.

Discussion:  The symplectites in olivine from lunar, terrestrial and martian rocks are very similar with 
respect to their morphology, texture, crystallographic orientation in the olivine host and phase constituents. 
These features are, however, inconsistent with the well known features of “dry” olivine oxidation. Our data 
suggest that the oxidation during symplectite formation process was carried out by a dehydrogenation of OH-
bearing symplectite precursor such as hydrous olivine MgH2SiO4

.3(MgFe)2SiO4: 

Cr2+ + 2OH- (structure) = Cr3+ + 1/2H2(gas) + O2-
(structure). 

The dehydrogenation-oxidation model of symplectite formation is valid for terrestrial and martian olivine as far 
as (i) terrestrial and martian olivine contain up to several hundred ppm (10) and (ii) hydrous olivine lamellae 
suggested as a precursor for symplectite were observed in terrestrial mantle olivine [7]. How much reliable 
would be the dehydrogenation-oxidation model for symplectite in lunar sample? A presence of water in the 
lunar mantle is now provided by the data on H2O content up to 70 ppm H2O in lunar green picritic glasses 
[8-9], OH content detected in lunar apatite [10, 11] and the recent data on OH measured as 20-35 ppm H2O in 
lunar olivine associated with the late-stage KREEP-rich mesostases in lunar Apollo basalts [12]. The 
dehydrogenation of olivine, if this would be a case of symplectite appearance in lunar olivine understudy, might 
suggest that lunar olivine of high deep origin would contain some water (OH-), and this would give additional 
argument for a presence of water on the Moon.   
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We present the scientific and technical aspects of 
Lunar radio observations using a tripole antenna and 
a sensitive digital receiver in a broad spectral range 
(10 kHz-100MHz). This experiment, referred to as 
the Lunar Radio eXplorer (LRX), is a dedicated in-
strument selected for the ESA Lunar Lander mission 
(expected launch in 2018) as part of the Lunar Dust 
Environment and Plasma Package (L-DEPP). A 
Phase-A study on the LRX is currently performed 
under the supervision of the Radboud University 
Nijmegen. The Lunar Lander will essentially be a 
path-finder mission and address key questions to 
prepare for future lunar human and science missions. 
In addition, the LRX will open up the virtually last 
unexplored frequency regime below 10 MHz which 
is inaccessible from the earth due to a cut-off in the 
earth’s atmosphere and the interference from man-
made radio signals. We present an overview of the 
key science cases the LRX will address: the study of 
Lunar environment, Solar and Planetary science and 
radio astronomy and cosmology.  
 
In the study of the Lunar environment, the LRX an-
tenna will be used to monitor the lunar exosphere 
and its interaction with the Earths magnetosphere 
and solar wind plasma. The moon is known for hav-
ing a weak ionosphere that can be mapped in detail 
through in-situ measurements of known and stable 
radio sources as they move across the lunar sky and 
set below the horizon. One of the LRX’s major 
goals, and essential for future scientific exploration 
of the moon, will be to measure the lunar radio 
background noise and to determine the limit of lunar 
radio observations. In addition, acting as a ground 
penetrating radar, the LRX would also provide sig-
nificant information about the moon surface and sub-
surfaces.  
 

The LRX antenna on the moon will be able to ad-
dress a multitude of radio astronomy science cases. 
For example, radio bursts from ultra-high energy 
cosmic rays hitting the moon surface will be studied, 
essentially using the moon as cosmic ray detector, 
and the LRX aims to study solar flares and CMEs as 
well as observations of radio emission from planets 
such as Jupiter and Saturn. This will provide present- 
day information on the current rotation periods of 
these planets. More importantly, placing the antenna 
at the Lunar south (north) pole would not only allow 
to observe the dark and sun-lit side of the moon sim-
ultaneously, but also provide shielding from man-
made RFI while the earth is below the horizon. This 
will provide the stable observing conditions that are 
required to look for the global radio signal from 
atomic hydrogen produced in the early phase of the 
universe, before the first stars and galaxies formed; 
i.e. to measure the signal from the so-called “dark 
ages”.  
 
Finally, based on our experience with the LOFAR 
(Low Frequency Array) and AERA (Auger Engi-
neering Radio Array) experiments, we review the 
technical details of the LRX experiment towards the 
future plan for a large lunar radio interferometer. 
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Introduction: 7KH� -DSDQHVH� VSDFH� DJHQF\� -$;$�

LV� SODQQLQJ� DQG� SUHSDULQJ� WKHLU� QH[W� PLVVLRQ� WR� WKH�
PRRQ�� 6(/(1(���� ,W� ZLOO� EH� WKH� ILUVW� OXQDU� ODQGLQJ�
PLVVLRQ�RI�-DSDQ�LQYROYLQJ�DQ�RUELWHU��D�ODQGHU��DQG�D�
URYHU��7KH�ODXQFK�LV�VFKHGXOHG�IRU� WKH�\HDUV�RI�DERXW�
�����������2QH�RI�WKH�PDLQ�PLVVLRQ�REMHFWLYHV�LV�WKH�
JHRSK\VLFDO� DQG� JHRFKHPLFDO� FKDUDFWHUL]DWLRQ� RI� WKH�
OXQDU�VXUIDFH�DQG�VXEVXUIDFH�>����@��$�VSHFLILF�LQVWUX�
PHQW� VKRXOG� SURYLGH� GDWD� IRU� WKH� FKHPLFDO� LQ�VLWX�
FKDUDFWHUL]DWLRQ�RI�WKH�OXQDU�VXUIDFH�PDWHULDO�

2QH� FDQGLGDWH� IRU� WKH� VFLHQWLILF� SD\ORDG� RI� WKH�
6(/(1(��� URYHU� LV� DQ� $FWLYH� ;�UD\� 6SHFWURPHWHU�
�$;6�� IRU� LQ�VLWX� [�UD\� IOXRUHVFHQFH� PHDVXUHPHQWV��
7KH� $;6� FDQ� PHDVXUH� WKH� PDMRU� HOHPHQWV��0J�� $O��
6L��&D��7L�� DQG�)H�� WKH�PLQRU� HOHPHQWV��1D��.��3��6��
&O��&U��DQG�0Q�DQG�WKH�WUDFH�HOHPHQW�1L��DOO�GHSHQG�
LQJ�RQ�WKHLU�FRQFHQWUDWLRQV��7KH�$;6�LV�D�³GHULYDWLYH´�
RI� WKH� $OSKD� 3DUWLFOH� ;�5D\� VSHFWURPHWHU� �$3;6���
7KH�$3;6�ZDV�DQG�LV�SDUW�RI�WKH�VFLHQWLILF�SD\ORDG�RI�
VHYHUDO� SODQHWDU\� PLVVLRQV� OLNH� OXQDU� 1$6$� ODQGHUV�
6XUYH\RU� �� WR� �� �SUHFXUVRU� LQVWUXPHQW�� >�@�� 1$6$�
0DUV� 3DWKILQGHU� 5RYHU� 6RMRXUQHU� >�@�� WZR� 1$6$�
0DUV�([SORUDWLRQ�5RYHUV��0(5��>�@��DQG�(6$�5RVHW�
WD�FRPHW�ODQGHU�3KLODH�>�@��

Principle:� 7KH� EDVLF� PRGLILFDWLRQ� RI� WKH� $;6�
FRPSDUHG�WR�WKH�$3;6�LV�WKH�UHSODFHPHQW�RI�WKH�UDGL�
RDFWLYH� VRXUFHV�E\� D� VZLWFKDEOH�[�UD\�JHQHUDWRU��7KH�
$3;6�WDNHV�DGYDQWDJH�RI�WKH�DOSKD�GHFD\�RI�&P�����
DQG� WKH� VXEVHTXHQW� [�UD\� HPLVVLRQ� RI� WKH� GDXJKWHU�
SURGXFW�3X������+HQFH��ZH�KDYH�WZR�PRGHV��SDUWLFOH�
LQGXFHG� [�UD\� HPLVVLRQ� �3,;(�� IRU� ORZ�=� HOHPHQWV�
�ORZ�DWRPLF�ZHLJKW��DQG�[�UD\�IOXRUHVFHQFH��;5)��IRU�
KLJK�=�HOHPHQWV��7KH�XVHG�H[FLWDWLRQ�VRXUFH� UHTXLUHV�
FDUHIXO�KDQGOLQJ�RI�WKH�$3;6�ZLWK�UHVSHFW�WR�UDGLDWLRQ�
VDIHW\�UHTXLUHPHQWV��$YRLGLQJ�UDGLRDFWLYLW\�DQG�XVLQJ�
D�VZLWFKDEOH�[�UD\�JHQHUDWRU�FDQ�VXSSRUW�DSSOLFDWLRQV��
ZKHUH� RQO\� WHPSRUDU\� UDGLDWLRQ� SURWHFWLRQ� LV� SUH�
IHUUHG���

)RU�WKH�$;6��WKH�[�UD\�JHQHUDWRU�XVHV�D�S\URHOHF�
WULF� FU\VWDO� WR� JHQHUDWH� HQHUJHWLF� HOHFWURQV� WKDW� SUR�
GXFH�[�UD\V� LQ� D� WDUJHW�PDWHULDO� >�@��7KLV�SHUPLWV� WKH�
VROH� DSSOLFDWLRQ�RI�;5)�FRPSDUHG� WR� WKH� WZR�PRGHV�
RI� $3;6�� 0HDVXUHPHQWV� RI� ORZ�=� HOHPHQWV� QHHG� D�

YDFXXP� VHW�XS� RI� WKH� $;6� DQG� ORQJHU� LQWHJUDWLRQ�
WLPHV�FRPSDUHG�WR�$3;6��7KH�QHZO\�FRQFHLYHG�$;6�
LV� D� YHU\� VPDOO�� OLJKW�ZHLJKW�� DQG� ORZ�SRZHU� LQVWUX�
PHQW�� ZKLFK� LV� IDYRUDEOH� IRU� VSDFH� DSSOLFDWLRQV� RQ�
SODQHWDU\�ERGLHV�ZLWK�QR�RU�D�WKLQ�DWPRVSKHUH���

7KH�GHVLJQ�RI�WKH�$;6�ZLOO�DOVR�WDNH�DGYDQWDJH�RI�
LPSURYHPHQWV� LQ� [�UD\� GHWHFWRU� WHFKQRORJ\�� 1HZO\�
GHYHORSHG� ODUJH�DUHD� VLOLFRQ� GULIW� GHWHFWRUV� �6''��
ZLWK�VXSHULRU�HQHUJ\�UHVROXWLRQ�FRPSDUHG�WR�SUHYLRXV�
GHWHFWRUV�SURYLGH�VKRUWHU�LQWHJUDWLRQ�WLPHV�DQG�KLJKHU�
VHQVLWLYLW\��
�

�
Figure 1�3UHOLPLQDU\�H[SHULPHQWDO�VHWXS�RI�D�ODERUD�
WRU\� $;6�� PHDVXUHPHQW� RI� D� SROLVKHG� EDVDOW� URFN�
VXUIDFH��VHH�ODEHO�^�`��;�UD\�GHWHFWRU�^�`�ZLWK�HOHF�
WURQLFV�ER[��.(7(&��*HUPDQ\��VLWWLQJ�RQ�D�FRROLQJ�
GHYLFH� ^�`�� [�UD\� JHQHUDWRU� ^�`� �W\SH� &22/�;��
$PSWHN��86$��ZLWK�DQ�DOXPLQXP�FROOLPDWRU�WXEH��
�
Experimental Setup: 7R� HYDOXDWH� WKH�$;6� FRQ�

FHSW� D� SUHOLPLQDU\� VHW�XS�ZDV�XVHG�DQG� LQ�VLWX�PHDV�
XUHPHQWV� ZHUH� SHUIRUPHG�� ;�UD\V�� ZKLFK� DUH� SUR�
GXFHG� E\� D� JHQHUDWRU�� DUH� ERPEDUGLQJ� WKH� VXUIDFH�
OD\HU�RI�D�URFN��&KDUDFWHULVWLF�[�UD\V�DUH�H[FLWHG�LQ�WKH�
VXUIDFH�OD\HU��$�IUDFWLRQ�RI�WKHVH�[�UD\V�DUH�HPLWWHG�E\�
WKH� URFN� VXUIDFH� DQG� FRXQWHG� E\� D� ODUJH�DUHD� 6''�
GHWHFWRU��)LJ�������
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$Q� DQDO\WLFDO� [�UD\� DFTXLVLWLRQ� 6\VWHP� $;$6�
6''��.(7(&��*HUPDQ\��ZLWK�D�GHWHFWRU�VXUIDFH�DUHD�
RI�����PP���D�EHU\OOLXP�ZLQGRZ��DQG�D�]LUFRQ�FROOL�
PDWRU�ZDV�XVHG��7KH�HOHFWURQLF�ER[�RI�WKH�[�UD\�GHWHF�
WRU�ZDV�FRROHG�E\�D�UHFLUFXODWLQJ�FRROHU��DGGLWLRQDOO\��
WR� REWDLQ� D� VXIILFLHQWO\� JRRG� HQHUJ\� UHVROXWLRQ�� 7KH�
GDWD�DFTXLVLWLRQ�ZDV�GRQH�ZLWK�D�VPDOO�PXOWL�FKDQQHO�
DQDO\]HU��$PSWHN�3RFNHW�0&$����$����

$�PLQLDWXUH�[�UD\�JHQHUDWRU�ZLWK�S\URHOHFWULF�FU\V�
WDO� �&22/�;�� $PSWHN� ,QF��� SURYLGHG� ��NH9� [�UD\V��
7KH� FU\VWDO� FRQVLVWV� RI� OLWKLXPWDQWDODWH� �/L7D2��� WR�
JHQHUDWH� HOHFWURQV� WKDW� SURGXFH� [�UD\V� LQ� WKH� WDUJHW�
IRLO� �FRSSHU��� 7KH� KHUPHWLFDOO\� VHDOHG� SDFNDJH� KDV� D�
�����P� WKLQ� EHU\OOLXP�ZLQGRZ��ZKLFK� DOORZV� WKH� [�
UD\V�WR�EH�WUDQVPLWWHG�>�@��:KHQ�WKH�S\URHOHFWULF�FU\V�
WDO� LV� WKHUPDOO\� F\FOHG�� [�UD\V� RI� VSHFLILF� HQHUJ\� DUH�
SURGXFHG�� 'XULQJ� KHDWLQJ� &X�.Į� ������ NH9��� &X�.��
������NH9���DQG�GXULQJ�FRROLQJ�7D�/Į�������NH9���7D�
/�� ������NH9���DQG�7D�/Ȗ� �������NH9��SOXV�D�%UHPV�
VWUDKOXQJ� FRQWLQXXP�� 7R� DYRLG� VWUD\� UDGLDWLRQ� IURP�
WKH�[�UD\�JHQHUDWRU�D�FROOLPDWLQJ�DOXPLQXP� WXEH�ZDV�
DSSOLHG�WR�WKH�KRXVLQJ�RI�WKH�&22/�;�HOHPHQW���

Generators Thermal Cycles:�:KHQ�DFWLYDWHG�WKH�
[�UD\�JHQHUDWRU�ZDV�WKHUPDOO\�F\FOHG�EHWZHHQ�D�KHDW�
LQJ�SKDVH��GXUDWLRQ�FD�����VHF��DQG�FRROLQJ�SKDVH��FD��
��� VHF��� 7KH� [�UD\� IOX[� YDULHG� WKURXJKRXW� WKH� F\FOH�
DQG�SHDNHG�GXULQJ�WKH�ODVW�VHFRQGV�RI�HDFK�SKDVH�>�@��
)LJXUH���H[KLELWV�WKH�[�UD\�HPLVVLRQ�VSHFWUD�GXULQJ�WKH�
WKHUPDO�F\OHV��

�

�
Figure 2�;�UD\�HPLVVLRQ�VSHFWUXP�RI�[�UD\�JHQHUD�
WRU� �$PSWHN� &22/�;�� GXULQJ� KHDWLQJ� �EODFN�� DQG�
FRROLQJ�SKDVH��UHG���

�
Analysis of Lunar Material:� 7KH� GHWHUPLQDWLRQ�

RI� WKH� FKHPLFDO� FRPSRVLWLRQ�RI� UHJROLWK� DQG� URFNV�DW�
WKH�VHOHFWHG�ODQGLQJ�VLWH�LV�RI�JUHDW�LPSRUWDQFH�WR�WKH�
H[SORUDWLRQ�RI� WKH�0RRQ�� ,W� UHYHDOV� WKH�JHRFKHPLVWU\�
RI�WKH�ODQGLQJ�VLWH��FKDUDFWHUL]HV�LWV�JHRORJ\��DQG�SUR�

YLGHV� WKH�QHFHVVDU\� GDWD� WR� FRPSDUH� LW�ZLWK�SUHYLRXV�
DQG�IXWXUH�ODQGLQJ�VLWHV���

$V�WKH�0RRQ�LV�DQ�DWPRVSKHUH�OHVV�ERG\��WKH�PH�
FKDQLFDO� DQG� WKHUPDO� HIIHFWV� �PHOWLQJ�� RI� LPSDFWV� E\�
PLFUR�PHWHRULWHV�� VPDOO� DQG� ODUJH� DVWHURLGV� FDQ� EH�
VWXGLHG�� 7KH� FRPELQHG� HIIHFWV� RI� LUUDGLDWLRQ� E\� OLJKW�
DQG� ERPEDUGPHQW� E\� FRVPLF�UD\� SDUWLFOHV� SURGXFH�
³VSDFH�ZHDWKHULQJ´�RI� URFN�VXUIDFHV�>��@��3URYLGHG�D�
JULQGLQJ�WRRO� LV�RQERDUG�WKH�URYHU��WKH�FRPSDULVRQ�RI�
QDWXUDO� DQG� DEUDGHG� VXUIDFHV� E\� WKH� DQDO\VLV� RI� WKH�
$;6� FDQ� SURYLGH� SURIRXQG� LQVLJKW� LQ� WKH� HIIHFW� RI�
VSDFH�ZHDWKHULQJ��

3UHYLRXVO\� FROOHFWHG� VDPSOHV� IURP� WKH�0RRQ� DUH�
WKRXJKW� WR�FRPH� IURP� WKH�FUXVW��1RQH�VHHPV� WR�KDYH�
FRPH� IURP� WKH� PDQWOH�� 6SHFWURVFRSLF� GDWD� IURP� WKH�
-DSDQHVH� OXQDU� VDWHOOLWH� .DJX\D� VKRZ� HYLGHQFH� WKDW�
WKH� PDQWOH� RI� WKH�0RRQ�PD\� EH� H[SRVHG� RQ� FHUWDLQ�
DUHDV�RI� LWV� VXUIDFH� >��@��7KH�$;6�DQDO\VLV�FDQ�VXS�
SRUW�WKH�VHDUFK�IRU�WKH�UDUH�PDQWOH�PDWHULDO��

Summary:�7KH�QHZ�FRQFHSW�RI�WKH�$;6�FRPSULV�
HV� D� VZLWFKDEOH� [�UD\� JHQHUDWRU� EDVHG� RQ� D� VSHFLDO�
S\URHOHFWULF� HIIHFW� DQG� D� KLJK�UHVROXWLRQ�6''�GHWHF�
WRU�� 6XFK� D� GHYLFH� SURYLGHV� DQ� RQ�GHPDQG� [�UD\�
VSHFWURPHWHU�� VPDOO� LQ� YROXPH�� OLJKW�ZHLJKW�� DQG� ORZ�
SRZHU�� $� VSDFH�SURRI� YHUVLRQ� LV� LQ� SODQQLQJ� IRU� WKH�
-DSDQHVH� OXQDU�6(/(1(��� URYHU�PLVVLRQ��'HSHQGLQJ�
RQ�WKH�PLVVLRQ�VFHQDULR�HLWKHU�TXLFN�LQ�VLWX�HOHPHQWDO�
FKHFNV� RU� ORQJ� LQWHJUDWLRQV� IRU� LQ�GHSWK� DQDO\VLV� FDQ�
EH�SHUIRUPHG���

Outlook:�$�VZLWFKDEOH��FRPSDFW�[�UD\�VSHFWURPH�
WHU�ZRXOG�EH�YHU\�XVHIXO�IRU�KXPDQ�H[SORUDWLRQ�RI�WKH�
OXQDU� VXUIDFH�� :KHQHYHU�� DQ� HOHPHQWDO� DQDO\VLV� RI�
UHVRXUFH�PDWHULDO�LV�QHHGHG��WKH�$;6�FRXOG�VHUYH�DV�D�
KDQG\�� HYHU\GD\� GHYLFH�� 'HPRQVWUDWLRQ� RI� WKH� FDSD�
ELOLWLHV�RI� WKH�$;6�FRXOG�EH�GRQH�GXULQJ�WKH�XSFRP�
LQJ� (6$� /XQDU� /DQGHU� PLVVLRQ�� DV� QR� JHRFKHPLFDO�
GDWD� H[LVW� RI� WKH� VXUIDFH�PDWHULDO� RI� WKH� OXQDU� 6RXWK�
3ROH��
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Sci. Rev., 128�� ����� >�@�%URZQULGJH� -�� DQG� 5DER\� 6��
�������J. Appl. Phys., 86�������>�@�$PSWHN�&22/�;�
VSHFLILFDWLRQV�� >�@�6FKPDQNH� '�� HW� DO�� ������� 43rd 
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DEEP MOONQUAKE FOCAL MECHANISMS: RECOVERY AND IMPLICATIONS.  M. Knapmeyer1 
and R. C. Weber2, 1DLR Institute of Planetary Research (martin.knapmeyer@dlr.de), 2NASA Marshall Space 
Flight Center (renee.c.weber@nasa.gov). 

 
 
Introduction: A defining characteristic of deep 

moonquakes is their tendency to occur with monthly 
(tidal) periodicity, prompting previous studies to 
infer that they are related to the buildup and release 
of tidal stress within the Moon [1–5]. In studies of 
tidal forcing, a key constraint is the focal mecha-
nism: the fault parameters (strike, dip, and slip an-
gles) describing the type of failure moonquakes rep-
resent. Knowledge of the failure plane allows us to 
resolve the tidal stress into its shear and normal 
components and evaluate the state of stress at the 
observed moonquake occurrence times. 

The quality of the lunar seismic data and the lim-
ited source/receiver geometries of the Apollo seismic 
network prohibit the determination of deep moon-
quake fault parameters using first-motion polarities, 
as is typically done in terrestrial seismology [6]. 
Without being able to resolve tidal stress into shear 
and normal components on a known failure plane, 
we can examine only gross qualities of the tidal 
stress tensor (such as principal stress directions or 
maximum shear stress) with respect to moonquake 
occurrence, so we cannot fully address the role of 
tidal stress in moonquake generation (using, for ex-
ample, a Coulomb stress criterion as has been used 
to describe some types of earthquake failure [7]). 

Approach: We will examine the extent to which 
shear (S) and compression (P) wave amplitude ratios 
can constrain moonquake fault geometry by deter-
mining whether, for a given cluster, there exists a 
focal mechanism that can produce a radiation pattern 
consistent with the amplitudes measured by the 
Apollo instruments (Figure 1). Amplitudes are read 
in the ray coordinate frame, directly from seismo-
grams for which the P and S arrivals are clearly iden-
tifiable on all long-period channels of the four Apol-
lo stations. We apply an empirical station correction 
to account for site effects at the four Apollo stations, 
and the differences between P- and S-wave attenua-
tion in the lunar interior [8]. 

Instead of focusing on the best fitting solution 
only, we formulate the inverse problem using a falsi-
fication criterion: all source orientations that do not 
reproduce the observed S/P amplitude ratios within 
an error margin derived from the uncertainty of the 
amplitude readings are rejected. All others are ac-
cepted as possible solutions. The inversion is carried 
out using an exhaustive grid search on a regular grid 
with predefined step size,  encompassing  all possi-
ble combinations of strike 

 

Figure 1: For an arbitrary focal mechanism, the P 
and S amplitudes from a known moonquake cluster 
are projected on a sphere (top) and can be estimated 
at the Apollo station locations. These estimates are 
compared to the amplitudes read from actual Apollo 
seismograms (bottom). 
 
 
(clockwise from North), dip (relative to horizontal), 
and slip (direction of fault motion between strike and 
dip). To assess the sensitivity of the inversion to the 
uncertainty of the lunar interior structure, we will 
carry out repeated inversions with different velocity 
structures [e.g. 9-11].  

Our data set consists of a total of 106 events from 
25 deep moonquake clusters [12]. The largest contri-
bution of 37 events originates from the most active 
cluster, A001, while other clusters are represented by 
one to nine events.  

Results: Since the definition of a cluster implies 
that all events share the same source orientation, a 
comparison of the inversion results of all events 
from one cluster reduces ambiguities in the inver-
sion. Using the method outlined above, we were able 
to reduce the fault plane parameter space for a given 
cluster on average by half (Figure 2).  
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Figure 2: Least-squares misfit between observed 
and calculated amplitudes on a regular grid of fault 
orientations (dip ranging from 0 – 90° and strike 
ranging from  0 – 360°) for a single A6 event (top) 
and the result averaged over all useable events from 
the A6 source region (bottom). The accepted regions 
(green) are selected by highlighting fault orienta-
tions which predict amplitudes within 2σ of the 
measured values. 
 

 
Once we obtain a suite of fault parameters for a 

given source, we can attempt to further constrain the 
focal mechanism by including analyses of tidal 
stresses. In an earlier study [13], we used the occur-
rence times of individual events from a given moon-
quake cluster to evaluate the tidal shear and normal 
stresses similarly resolved onto failure planes de-
scribed by a regular grid of fault parameters. We 
imposed the failure criterion that a linear combina-
tion of shear and normal stress that best approximat-
ed a constant value indicated the most likely fault 
orientation. Combining the results of this grid search 
with our amplitude analysis further constrains the 
most likely focal mechanism for our set of clusters 
(Figure 3). 

Future work: With the best-fit focal mechanism 
in hand for each cluster, we can create synthetic 
seismograms using a reflectivity approach [14], for 
comparison with the Apollo seismograms. This will 
possibly allow us to predict the times and amplitudes 
of reflected seismic phases from the Moon’s deep 
layers, placing further constrains on the structure of 
the lunar interior. 

References: [1] Toksöz et al., Science 196, 979–
981, 1977. [2] Lammlein, PEPI 14, 224–273, 1977. 
[3] Cheng & Toksöz, JGR 83, 845–853, 1978. [4] 
Goulty, PEPI 19, 52–58, 1979. [5] Minshull & 
Goulty, PEPI 52, 41–55, 1988. [6] Nakamura, Proc. 
Lunar Planet Sci. Conf. 9th, 3589–3607, 1978. [7] 
Smith & Sandwell, JGR 108, 

10.1029/2002JB002136, 2003 [8] Hardebeck and 
Shearer, BSSA 93, 2434–2444, 2003. [9] Nakamura, 
JRG 88, 677–686, 1983. [10] Lognonne et al., EPSL 
211, 27–44, 2003. [11] Khan and Mosegaard, JGR 
107, 10.1029/2001JE001658, 2002. [12] Nakamura, 
JGR 110, 10.1029/2004JE002332, 2005. [13] Weber 
et al., JGR 114, 10.1029/2008JE003286, 2009. [14] 
Friederich & Dalkolmo, GJI 122, 365–374, 1995. 

 

 
 
Figure 3: (top) Variance in the tidal stress at A6 
moonquake times mapped onto all possible fault 
plane orientations. The values are scaled so that the 
minimum variance is equal to one and the colorbar 
covers the range from minimum to twice the mini-
mum (alternatively, the “half-width”). (bottom) Po-
lar projection of the focal sphere showing mecha-
nisms that are compatible with both the amplitude 
ratio and tidal stress constraints. Dip ranges from 
90° (vertical) in the center to 0° (horizontal) at the 
rim. The white regions are those mechanisms that 
are excluded by the amplitude analysis (outside the 
2σ accepted regions) and the color bar again shows 
the scaled variance values. Blue regions represent 
the best fitting fault orientations. In this case, A6 is 
likely represented either by a horizontal plane, or a 
plane that strikes ~25°E of North and dips ~40° from 
horizontal. 
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LUNAR CRATERS WITH EXTERIOR IMPACT MELT DEPOSITS.  S. D. Koeber1, B. W. Denevi2, J. D. 
Stopar1, and M. S. Robinson1, 1Arizona State University, Tempe, AZ 85287; 2 John Hopkins University Applied 
Physics Laboratory, Laurel, MD 20723. Correspondence: skoeber@ser.asu.edu 
 

Introduction: Fresh lunar craters displaying impact 
melt deposits (Fig. 1) provide superlative examples of 
pristine melt compared to Earth and Mars, which are 
subjected to post-formation erosion and weathering [1]. 
Therefore, lunar impact melt deposit morphology, vol-
ume, and distribution provides a better understanding of 
the impact process.   

Fifty craters of Copernican age displaying external 
impact melt deposits were identified using Lunar Recon-
naissance Orbiter - Narrow Angle Camera (NAC) (pixel 
scale: ~50 cm) and Wide Angle Camera (WAC) (pixel 
scale: ~100 m) images [2]. The crater diameters range 
from 2 km to 40 km and are globally distributed (Fig. 2).     
       Observations of Deposits: Exterior impact melt 
deposits were determined on the basis of their spatial 
association with craters, surface cooling fractures, and 
morphologic flow features such as lobate flows and 
channels [3]. The presence of boulders along the flow 
margins also assisted in identifying flows. Exterior melt 
flows usually begin near the crater rim flowing 
downslope away from the crater (Fig. 1).  

Forty-seven of the fifty craters identified display ex-
terior flows (the other three only had ponded deposits). 
The flows display a diverse range of morphologic fea-
tures such as flow channels, compression ridges, multi-
ple streamlines, superposed flow lobes, and smooth sur-
faces, and surface cooling fractures. Commonly, melt 
deposits of thin veneers and ponds of melt are observed. 

Locating craters with exterior melt: Mapping the 
location of craters displaying exterior impact melt on a 
global WAC color map revealed that most of the craters 
exhibited bright rays in bands 1 (320 nm), 3 (415 nm), 
and 7 (690 nm) and on the optical maturity parameter 
(OMAT) map, created from multispectral Clementine 
images [4].  

Results and Discussion: We found no correlation 
between the volume of exterior melt and the crater diam-

eter [5]. Eighteen craters formed on the rim or inside of a 
preexisting larger crater. For example, a small crater 
(D=9km; 102.46°W, 13.31°S) located on the rim of 
Lowell crater (D=66km; 103.42°W, 12.9°S) produced an 
exterior flow 13.5 km in length. Perhaps, impacting into 
or on a rim of a larger crater facilitated interior melt be-
ing expelled during the impact process. The exterior melt 
deposits from these eighteen craters may indicate that 
melt distribution is not simply controlled by impact tra-
jectory [6].       

Efforts to locate craters exhibiting bright rays in the 
WAC color map with and without exterior impact melt 
deposits are ongoing. Currently, craters displaying exte-
rior impact melt deposits are more numerous in the high-
lands regions versus the mare. Perhaps, craters with exte-
rior impact melt deposits are easier to identify in high-
land regions because the contrast between the craters 
rays and surrounding material appears brighter in the 
global WAC color map. Craters with exterior impact 
melt located in the mare do exist.  

 
Figure 1: Exterior flows on outer rim of 13.5 km diame-
ter crater, NAC M114925405 

References: [1] Bray V. J. et al. (2010) Geophys. 
Res., 37, L21202. [2] Robinson, M., S. et al. Space Sci. 
Rev. 150, pp. 81-124, (2010). [3] Howard, K. A. et al. 
(1975) J. Res. U.S. Geol. Surv., 3, pp.237-251. [4] Grier. 
A. J. (2001) Geophys. Res., 106, pp. 32,847-32,862. [5] 
Denevi B.W. et al. (2012) Icarus (in review). [6] Bray V. 
J. et al. (2010) LPS.XXXXI, Abstract#2371.

Figure 2: A WAC image denoting the fifty craters names and diameter sizes with exterior impact melt deposits. 
Blue triangles denote craters impacted on the rim or inside of a preexisting crater, the red circle denote the other 
craters.  
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Introduction:  The Moon is the best and most 

accessible place in the solar system to explore the 
fundamental principles of our origin.  Among the 
most interesting concepts to be explored are the lu-
nar cataclysm [e.g., 1-4] and impact-origin of life 
[e.g., 5,6] hypotheses (Fig. 1).  The former suggests 
there was a severe period of bombardment several 
hundred million years after solar system formation, 
while the latter suggests that event is entangled with 
the origin and early evolution of life.  Both concepts 
have implications for the rest of the solar system and 
planetary systems elsewhere. 

The canonical lunar cataclysm is defined by ~15 
basin-forming impacts that occurred during the Nec-
tarian Period and Early Imbrian Epoch. Nearly 30 
additional basins were produced during the pre-
Nectarian on the Moon, but they were not sampled 
during Apollo.  It is not yet clear if they were pro-
duced during the same cataclysmic surge of cratering 
events (Fig. 1); they are, thus, targets of future lunar 
missions [e.g., 7]. 

Sources of Impactors:  Siderophile signatures 
of impactors are entrained in lunar impact melts and 
suggest the impactors were dominated by asteroids 
rather than comets ([8] and references therein).  Re-
cent analyses of Apollo 17 specimens [9,10] indicate 
a pre-Serenitatis impactor (>3.89 Ga) had affinities 
with ordinary chondrites, the Serenitatis impactor 
(~3.89 Ga) was a chondritic asteroid (but unlike any 
meteorites in our current collection from the asteroid 
belt), and that a post-Serenitatis (~3.75 Ga) impactor 
had affinities to enstatite chondrites or, marginally, 
ordinary chondrites.  Interestingly, these data imply 
there were more ordinary chondrite planetesimals 
than those currently represented by the LL, L, and H 
groups of meteorites. 

A completely independent assessment of the im-
pactors can be derived from the size distribution of 
the lunar basins and smaller craters in the ancient 
cratered highlands of the Moon [11].  That analysis 
suggests asteroids dominated the flux and that the 
asteroid belt was sampled in a size-independent fash-
ion.  That latter observation implies resonances 
swept through the asteroid belt and that Jupiter’s 
orbit shifted.   

That same method was recently used to probe the 
crater size distribution further ([12]).  That study 
discovered a shift in the size distribution of craters 
that implies a shift in the impact velocities of impact-
ing asteroids.  At some point between the formation 
of the South Pole-Aitken and Nectaris basins, impact 
velocities may have roughly doubled.  This is con-
sistent with a shift in the orbits of Jupiter and other 

 
Fig. 1.  Schematic diagram illustrating the potential flux of im-
pactors to the Earth-Moon system and the questions that remain 
[6].  The greatest uncertainty, which is represented by several 
curves, lies in events between the formation of the Moon and the 
end of the basin-forming epoch ~3.8 × 109 yrs ago.   

 
 
outer solar system planets that has previously been 
implied [e.g., 13, 11] for the production of the Nec-
tarian and Early Imbrian basins.  It also implies, 
however, that some of the pre-Nectarian basins, in-
cluding the South Pole-Aitken Basin, were produced 
independently through other collisional mechanisms. 

A third independent assessment of the source of 
impactors can be derived from the lunar regolith.  A  
recent study of Apollo 16 samples discovered the 
first mineralogic and lithologic remnants of projec-
tiles during the latter phase of the basin-forming 
epoch ([14]].  Those results are also consistent with 
an asteroidal source for the impactors.  Indeed, the 
relics are dominated by fragments of chondrules 
similar to those in chondritic meteorites.   

The Inner Solar System Cataclysm:  In addi-
tion to the lunar-derived insights above, evidence 
about early solar system bombardment is also being 
gleaned from asteroids, some of which confirms 
interpretations of lunar data and some of which pro-
vides other insights. 

A recent analysis of impact melt breccias from 
the H-chondrite parent body indicate significant col-
lisional activity 4.0-3.5 Ga [15], followed by a sharp 
decline in the flux of impacting debris. Impact ages 
in that same 4.0-3.5 Ga interval have been seen in a 
large number of samples from the HED parent body 
and in a smaller number of samples from the L and 
LL chondrite parent bodies [e.g., 16-18].  In addi-
tion, a major collision involving the IIE parent body 
occurred ~3.7-3.6 Ga [e.g., 18].  The large number 
of impact events among asteroids 4.0-3.5 Ga implies 
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the lunar cataclysm is really an inner solar system 
cataclysm [8].   

In almost all cases, the samples being measured 
come from simple craters and the ejecta around sim-
ple craters.  Thus, most of the impact events repre-
sented by the chondritic samples are smaller than 
those that produced the lunar basins.  (A collision 
among planetesimals with the same energy needed to 
produce a lunar basin would completely disrupt the 
planetesimals.)  Thus, collisional age spectra domi-
nated by simple cratering events on chondritic bod-
ies may be similar, but not identical, to the age spec-
tra of basin-size events on the Moon.  This is likely 
one reason chondritic ages range from 4.0-3.5 Ga, 
while the basin-forming epoch on the Moon ended 
3.8-3.7 Ga.  It also seems likely that the dynamical 
situation (asteroids are closer to the source of the 
impactors than the Moon) may produce subtle dif-
ferences in the age spectra among asteroids and the 
Moon. 

Flux of Asteroids to the Moon:  If the lunar 
cataclysm occurred within 20 to 200 Myr, then the 
annualized mass flux to the Moon was ~3.5 × 1013 to 
~3.5 × 1014 g/yr for a Nectarian and Early Imbrian 
event [19].  If the pre-Nectarian basins were also 
involved, then the annualized mass flux was 2.3  × 
1014 to 2.3  × 1015 g/yr.  Asteroids contain significant 
quantities of H2O and other biogenic elements [20].  
Recent data [9,10,14] imply chondritic projectiles, 
some with affinities to enstatite, ordinary, and car-
bonaceous chondrites.  That implies ~6 × 1019 to ~1 
× 1021 g of H2O were delivered to the Moon during 
the Nectarian and Early Imbrian, and an additional 
~3 × 1020 to ~7 × 1021 g of H2O during the pre-
Nectarian, although some of that mass would have 
been lost from the Moon as high-velocity ejecta. The 
mass flux to the Earth was at least 13 times greater. 
While substantial, the canonical cataclysm could not 
have delivered the entire inventory of Earth’s water.  
A large fraction of Earth’s water was delivered dur-
ing the earlier accretional phase. 

Preparing for Future Missions:  It has become 
increasingly clear that the Moon is the best and most 
accessible source of information about early solar 
system processes.  Geochemical and geological data 
are revealing how the Earth-Moon system evolved, 
how other inner solar system planets were affected 
by collisional events, and how the orbits of outer 
solar system planets shifted.   

To further test the lunar cataclysm hypothesis 
and its implications for the entire solar system, we 
need to recover new impact samples from the lunar 
surface that have a well-understood geologic context 
and have properties suitable for complementary 
analyses of their ages and siderophile content.  A 
series of landing site studies are underway and a 
leading candidate that has emerged is Schrödinger 
Basin [21].  This is the second youngest basin on the 

Moon.  It also resides within the oldest and largest 
basin on the Moon, South Pole-Aitken Basin.  Thus, 
samples within Schrödinger Basin may provide the 
ages of both basins and effectively bracket the dura-
tion of the entire basin-forming epoch.   

If the age of samples of the South Pole-Aitken 
Basin indicate it is part of the lunar cataclysm, then 
that implies there were ~3 times more basin-forming 
impacts than in the canonical model.  On the other 
hand, if the age of South Pole-Aitken Basin is much 
older (consistent with [12]), then pre-Nectarian ba-
sins with successively younger relative ages need to 
be sampled to determine when the cataclysm began. 
Candidate targets include the Nubium Basin (middle 
pre-Nectarian), Smythii Basin (slightly younger), 
and the Apollo Basin (the last of the pre-Nectarian 
Basins and also within the South Pole-Aitken Basin).  
The timing of the latter third of the basin-forming 
epoch and the nature of the projectiles involved will 
require better documented samples of impact melt or 
impact-metamorphosed samples from Nectaris, Se-
renitatis, Crisium, Schrödinger, and Orientale.   

These types of sample return missions are best 
conducted with well-trained crew [22], although 
they can also be addressed with integrated human 
and robotic systems [23], including ops from the 
Earth-Moon L2 position [24].  
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Introduction:  The XPrize Foundation together with 
Google, proposed in 2007 a very hard challenge to 
privates: to send a robot on the Moon surface within 
December 31, 2015 which is asked to cover at least 
500 m reporting through both videos and images its 
walk on the surface. The whole mission must be pri-
vately funded at 90%.  
Currently twenty-six official teams are competing for 
the prize, coming from all over the world both na-
tional and international. 
Italy is answering to this call with the AMALIA mis-
sion (Ascensio Machinae Ad Lunam Italica Arte): 
the team, completely Italian, is composed of major 
Italian Aerospace Engineering Universities and na-
tional space industries: Politecnico di Milano, 
Politecnico di Torino, Università di Roma “La Sapi-
enza”, Università di Napoli  “Federico II”, for the 
academic participation and Thales Alenia Space-
Italia SpA, Compagnia Generale per lo Spazio SpA 
and TechnoSystem Development SpA for the indus-
trial side.  
These entities have already an impressive track rec-
ord in contributing to and developing space explora-
tion and planetary missions for the Italian and the 
European Space Agencies. 
The AMALIA mission baseline sees a lander vehicle 
releasing a wheeled rover on the Moon surface; the 
lander vehicle plays the cargo role for the Earth-
Moon transfer too.   
The vehicles design is driven by the mass minimiza-
tion to limit launch costs: therefore miniaturized 
hardware components are exploited; redundancy is 
applied only where strictly needed to contain the 
mission critics. 
The launcher is almost selected, having in mind the 
technical constraints satisfaction together with the 
costs limitation goals. 
Chemical propulsion currently represents the design 
solution to control both the transfer trajectory and the 
landing phase with a specific thrusting profile to 
cope with fuel mass minimization and thruster throt-
tling limitations. The selected landing site is equato-
rial. 
A four wheels rover with specifically designed sus-
pensions will be released on the surface; navigation 
will be accomplished by merging classic and visual 
odometry supported by three cameras mounted on a 
mast; those cameras will also supply data required to 
answer challenge official requirements. On board 
autonomy is limited, leaving the authority to the 

Ground. A prototype of the vehicle is currently under 
development. 
Deeper details on the Team Italia technical work so 
far, sponsorship recruitment and AMALIA mission 
peculiarities are offered. 
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Introduction:  For over four decades, the Moon 

has been recognized as a unique platform for con-
ducting science observations.  In the past decade, the 
focus on the Moon has sharpened considerably, mo-
tivated in part by a series of astrophysical discover-
ies and improved understandings. 

Prime Science:  In this presentation, I shall 
summarize some of the key science that exploits the 
surface of the Moon; similar considerations have 
been explored by Jester & Falcke [1]. 

Probing Cosmic Dawn and the Dark Ages.  What 
were the first objects to light up the Universe?  Fol-
lowing the formation of the cosmic microwave 
background (CMB), the Universe entered a largely 
neutral state.  Ground- and space-based telescopes 
now make it clear, however, that within 1 billion 
years after the Big Bang, stellar assemblies likely to 
serve as the precursors to today’s galaxies had as-
sembled.  Determining the nature of and epoch of 
formation for the first luminous sources will be the 
focus of multi-wavelength observations for this dec-
ade, and potentially beyond.  The dominant baryonic 
component of the neutral intergalactic medium 
(IGM), and the raw material for star formation, is 
hydrogen.  The temperature evolution of the IGM, in 
response to the first luminous objects, can be tracked 
via the hyperfine spin-flip (21 cm) transition of neu-
tral hydrogen.  There is potentially even a signal 
prior to the formation of the first stars due to the 
different cooling rates of the IGM and the CMB. 

The Universal expansion redshifts the 21 cm line 
to much longer wavelengths, to a portion of the radio 
spectrum used extensively by both civil and military 
transmitters and for which ionospheric absorption 
becomes important.  The far side of the Moon is 
shielded from terrestrial emissions and represents a 
unique location in the inner solar system for observ-
ing the redshifted 21 cm line during and before 
Cosmic Dawn.  Internationally, a series of concepts 
for telescopes to exploit the shielded radio zone on 
and above the far side of the Moon are being devel-
oped [2,3]. 

The Sun and Particle Acceleration. High-energy 
particle acceleration occurs in diverse astrophysical 
environments including the Sun and other stars, su-
pernovae, black holes, and quasars.  A fundamental 
problem is in understanding the mechanisms and 
sites of this acceleration, in particular the roles of 
shock waves and magnetic reconnection.  Within the 
inner heliosphere—an interval of 1–10 solar radii 
(R


) from the Sun—solar flares and coronal mass 

ejections (CMEs) are efficient particle accelerators. 

Low frequency observations are an excellent re-
mote diagnostic because electrons accelerated by 
these structures can produce intense radio bursts.   
The intensities of these bursts make them easy to 
detect, as well as providing information about the 
acceleration regions. 

Lacking a dense ionosphere, a radio telescope 
sited on the Moon could observe to much lower fre-
quencies, and therefore much closer to the Earth, 
than are accessible from the ground [4].  In addition 
to providing information about particle acceleration 
in the inner heliosphere, such a telescope could also 
serve as part of an “early warning system” for hu-
mans in spacecraft. 

Extrasolar planets.  Within the past decade, the 
census of extrasolar planets has grown from a few to 
many hundreds.  While there are continuing efforts 
to find more planets, there is also growing interest in 
characterizing the known planets. 

All of the “magnetic” planets in the solar system 
(Earth, Jupiter, Saturn, Uranus, and Neptune) gener-
ate planetary-scale magnetic fields as the result of 
internal dynamo currents within the planet.  The so-
lar wind incident on these planetary magnetospheres 
is an energy source to the planetary magnetospheres, 
and the magnetosphere-solar wind interaction pro-
duces energetic (keV) electrons that then propagate 
along magnetic field lines into auroral regions, 
where electron cyclotron masers are produced.  In 
the case of the Earth, its magnetic field may be par-
tially responsible for its habitability. 

A lunar-based radio telescope would be an ideal 
instrument for searching for magnetically-generated 
emissions from nearby extrasolar planets.  It poten-
tially could observe at frequencies below those ac-
cessible from the ground, and, if located on the far 
side, would be shielded from intense terrestrial emis-
sions. 
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Introduction:�1HXWURQ�IOX[�PHDVXUHPHQWV�RI�WKH�

0RRQ¶V� VRXWK� SROH� UHJLRQ� IURP� WKH� /XQDU� ([SORUD�
WLRQ�1HXWURQ�'HWHFWRU��/(1'��RQ�WKH�Lunar Recon-
naissance Orbiter (LRO)� VSDFHFUDIW� ZHUH� XVHG� IRU�
K\GURJHQ�PDSSLQJ�RI�WKH�OXQDU�VRXWK�SROH�DUHD��7KH�
ILQDO�YDOXH�FRUUHVSRQGV�WR�D�ZDWHU��DV�LFH��FRQWHQW�RI�
a��� E\� ZHLJKW� >�@�� � ,QGHSHQGHQW� HVWLPDWHV� RI� WKH�
ZDWHU� FRQWHQW� ZHUH� UHFHYHG� E\� � LCROSS/Centaur�
PLVVLRQ�IRU�UHJLRQ�RI�LPSDFW�VLWH�LQ�FUDWHU�&DEHXV�>�@��
7KH�PD[LPXP�WRWDO�ZDWHU�YDSRU�DQG�ZDWHU�LFH�ZLWKLQ�
WKH� LQVWUXPHQW� ILHOG� RI� YLHZ� ZDV� ���� � NLORJUDPV��
*LYHQ�WKH�HVWLPDWHG�WRWDO�H[FDYDWHG�PDVV�RI�UHJROLWK�
WKDW�UHDFKHG�VXQOLJKW��DQG�KHQFH�ZDV�REVHUYDEOH��WKH�
FRQFHQWUDWLRQ� RI� ZDWHU� LFH� LQ� WKH� UHJROLWK� DW� WKH�
LCROSS/Centaur� LPSDFW� VLWH� LV� HVWLPDWHG� WR� EH� ����
��E\�PDVV��$XWKRUV�RI�ZRUN�>�@�QRWHG��³,Q�DGGLWLRQ�
WR�ZDWHU��VSHFWUDO�EDQGV�RI�D�QXPEHU�RI�RWKHU�YRODWLOH�
FRPSRXQGV�ZHUH�REVHUYHG��LQFOXGLQJ�OLJKW�K\GURFDU�
ERQV�� VXOIXU�EHDULQJ� VSHFLHV�� DQG� FDUERQ� GLR[LGH�
�+�6�+�2�� 1+��+�2�� 62��+�2�� DQG� &2�+�2��� 2I�
LQWHUHVW� LV� WKH� LQGLFDWLRQ� IURP� WKLV� SUHOLPLQDU\� DQDO�
\VHV�WKDW�VRPH�YRODWLOHV�RWKHU�WKDQ�ZDWHU�DUH�FRQVLG�
HUDEO\�PRUH�DEXQGDQW��VRPH�E\�RUGHUV�RI�PDJQLWXGH��
WKDQ� WKH� UDWLRV� IRXQG� LQ� FRPHWV�� LQ� WKH� LQWHUVWHOODU�
PHGLXP�� RU� SUHGLFWHG� IURP� JDV�JDV� UHDFWLRQV� LQ� WKH�
SURWRSODQHWDU\�GLVN´���

Where comet matter from:� 7KH� QDWXUH� RI� GLI�
IXVH�DOEHGR�DQRPDOLHV�RQ�WKH�OXQDU�VXUIDFH�WKDW�ORRN�
OLNH� ³VZLUOV´� LV� RQH� RI� PRVW� LQWHUHVWLQJ� P\VWHU\� LQ�
FXUUHQW� OXQDU� VWXGLHV��7KHUH�DUH� WZR�PDLQ�FODVVHV�RI�
K\SRWKHVLVHV� RI� WKH� VZLUO� RULJLQ�� IRUPDWLRQ� RI� WKH�
VZLUOV�LQ�WKH�UHJLRQV�DQWLSRGDO�WR�ODUJH�LPSDFW�EDVLQV�
�����DQG�IRUPDWLRQ�RI�WKH�VZLUOV�LQ�UHVXOW�RI�FRPHWDU\�
LPSDFWV������7KH�ILUVW�K\SRWKHVLV�SURSRVHV�WKDW�VZLUOV�
UHSUHVHQW� UHJLRQV� ZKRVH� KLJKHU� DOEHGR� KDYH� EHHQ�
SUHVHUYHG� GXH� WR� GHIOHFWLRQ� RI� WKH� VRODU� ZLQG� LRQ�
ERPEDUGPHQW�E\�VWURQJ�FUXVWDO�ILHOGV��7KH�PRVW�OLNH�
O\�PDJQHWL]DWLRQ�PHFKDQLVP�ZDV�SURSRVHG�E\�+RRG�
>�@�� LQ�ZKLFK� WKH� LRQL]HG�YDSRU�FORXG�SURGXFHG� LQ�D�
K\SHUYHORFLW\� EDVLQ�IRUPLQJ� LPSDFW� H[SDQGV� DURXQG�
WKH�0RRQ�DQG� FRQFHQWUDWHV� WKH�SUH�H[LVWLQJ�DPELHQW�
PDJQHWLF� ILHOG� DW� WKH� EDVLQ� DQWLSRGH�� )RU� H[DPSOH��
WKH� GDWD� REWDLQHG� E\� WKH� Lunar Prospector� VKRZHG�
WKDW� VZLUO� IHDWXUHV� DUH� DVVRFLDWHG� ZLWK� PDJQHWLF�
DQRPDOLHV� DQG� WKH\� OLH� RQ� UHJLRQV� DQWLSRGDO� WR� WKH�
,PEULXP�� 6HUHQLWDWLV�� DQG�&ULVLXP�EDVLQV��+RZHYHU��
DQ\�VZLUO�PDUNLQJV�DUH�DEVHQW�RQ�UHJLRQV�DQWLSRGDO�WR�
+XPRUXP�� +HUW]SUXQJ�� 0DUH� 0RVFRYLHQFH� DQG�
+XPEROGWLDQXP� EDVLQV� LQ� VSDWH� RI� VLPLODU� DJH� DQG�
GLDPHWHU�RI�WKHP��7KHUH�DUH�VRPH�LVRODWHG�DQRPDOLHV�
DW�5HLQHU�*DPPD��5LPD�6LUVDOLV��'HVFDUWHV��DQG�$LU\�
>�@�� ,VRODWHG� DQRPDOLHV� ZLWKLQ� WKH� 1HFWDULDQ�DJHG�
0RVFRYLHQVH�EDVLQV�KDYH�D�ZHDN�PDJQHWL]DWLRQ��)LJ��
�� VKRZV� IUDJPHQWV� RI� VZLUO� LQ� 0DUH� 0RVFRYLHQFH�
UHJLRQ��7KLV�LPDJH�LV�WKH�&OHPHQWLQH�FRORU�FRPSRVLWH�
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7KH� VHFRQG�K\SRWKHVLV�GRHV�QRW� VXJJHVW�FRUUHOD�
WLRQ�EHWZHHQ� WKH� VZLUO� ORFDWLRQV�DQG� WKH� UHJLRQV�DQ�
WLSRGDO�WR�EDVLQV��*ROG�DQG�6RWHU�VXJJHVWHG�D�PHFKD�
QLVP�RI�D�ORFDO�PDJQHWLF�ILHOG�RULJLQ�RQ�WKH�0RRQ�LQ�
UHVXOW� RI� FRPHWDU\� LPSDFW� >�@��7KH� ORFDO� VKRFN�SUR�
GXFHG�E\�FROOLVLRQ�RI� WKH�PDLQ�PDVV�RI�D�FRPHW�QX�
FOHXV�ZLWK�WKH�0RRQ�ZLOO�LQGHHG�RFFXU�MXVW�ZKHQ�WKH�
DPELHQW� VRODU� ZLQG� ILHOGV� KDYH� EHHQ� VWURQJO\� HQ�
KDQFHG��DV�WKH�ODUJH�SDUWLDOO\�LRQL]HG�FRPHWDU\�FRPD�
LV�FRPSUHVVHG�DJDLQVW� WKH� OXQDU�VXUIDFH��6FKXOW]�DQG�
6UQND� >�@��%HOO� DQG�+DZNH� >�@��6KHYFKHQNR�>�@��3L�
QHW� DW� DO�� >��@� FRQVLGHUHG� WKDW� VZLUO� SDWWHUQV� RQ� WKH�
OXQDU�VXUIDFH�FRXOG�EH�UHODWHG�WR�WKH�LPSULQW�RI�UHFHQW�
FRPHWDU\�LPSDFWV��,Q�RUGHU�WR�LQYHVWLJDWH�WKH�IHDWXUHV�
RI� WKH� VZLUO� GLVWULEXWLRQ� DORQJ� OXQDU� VXUIDFH� WKHUH�
ZHUH� LGHQWLILHG� DQG� PDSSHG� VZLUO� ORFDWLRQV� ZLWKLQ�
UHJLRQV�ZKHUH� WKH\�ZHUH� REVHUYHG��7KH� DUHDV� RI� DOO�
LGHQWLILHG� VZLUO� IUDJPHQWV�ZHUH�PHDVXUHG�DQG�VWDWLV�
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WLFDO� DQDO\VLV�RI� WKH�GLVWULEXWLRQ�ZDV�SHUIRUPHG��)LJ�
�����

�

�
�

)LJ���
�

7KH� PRUH� VWURQJ� FRUUHODWLRQ� LV� REVHUYHG� IRU�
\RXQJHVW� ODUJH� EDVLQV�� 2ULHQWDOH� DQG� ,PEULXP�� 7KH�
VZLUOV� DUH� DEVHQW� LQ� UHJLRQ� DQWLSRGDO� WR� \RXQJHVW�
�PRUH� \RXQJHU� WKDQ� ,PEULXP� EDVLQ�� EXW� VPDOO� �����
NP�� 6FKURGLQJHU� EDVLQ�� 7KH� 5HLQHU� *DPPD� IRU�
PDWLRQ� LV�PRVW�REYLRXV�H[DPSOH�RI� WKDW� WKH�FRUUHOD�
WLRQ� PHQWLRQHG� DERYH� LV� QRW� VWDWLVWLFDOO\� VWURQJ� DQG�
GR�QRW�H[FOXGH�WKH�VZLUO�RULJLQ�DVVRFLDWHG�ZLWK�H[WHU�
QDO� UHDVRQ�� VXFK� DV� FRPHWDU\� LPSDFW� 6R�� WKH� PRVW�
FRQYLQFLQJ�PRGHO� IRU� WKH� VZLUOV� �RULJLQ� VHHPV� WR�EH�
OXQDU�VXUIDFH�FRQWDFW�ZLWK�WKH�JDV�GXVW�FRPD�RI�FRP�
HWV� SDVVLQJ� E\� RU� IDOOLQJ� RQWR� WKH� 0RRQ� >��@�� ,W¶V�
SRVVLEOH�WR�VKRZ�WKDW�WKH�PRVW�SUREDEOH�VFHQDULR�IRU�
RULJLQ� RI� WKH�ZDWHU� LFH� SRODU� GHSRVLWV� LV� WKH� IDOOV� RI�
\RXQJ�FRPHWV�RQWR�WKH�0RRQ�GXULQJ�FRPHW�VKRZHUV��
&KDUDFWHUL]HG�E\�WKHLU�ORZ�DYHUDJH�GHQVLW\�DQG�ODUJH�
QXFOHL�DV�ZHOO�DV�LQ�WKH�FRQVLGHUDEOH�PDVV�RI�WKH�PDW�
WHU� WKH\� EURXJKW� HYHQ� VHYHUDO� IDOOV� RI� VXFK� \RXQJ�
FRPHWV�FRXOG�SURYLGH�IRU�WKH�UHYHDOHG�LFH�FRQFHQWUD�
WLRQ�RQ�WKH�OXQDU�SROH��

Comet matter on the Moon:� � ,Q� SDUWLFXODU� WKH�
FRPHW�+DOH�%RSS�KDV�EHFRPH�D�VXIILFLHQWO\�FRQYLQF�
LQJ�FRQILUPDWLRQ�RI� WKH�H[LVWHQFH�RI� WKH�ERGLHV�ZLWK�
JLJDQWLF�QXFOHL��7KXV�LWV�SDUDPHWHUV�FDQ�VHUYH�DV�WKH�
ILUVW� LQWHUDFWLRQ� GDWD� IRU� WKH� TXDQWLWDWLYH� DVVHVVPHQW�
RI�WKH�OXQDU�LFH�ZLWK�D�FRPHW�RULJLQ��7KH�ORZHVW�OLPLW�
RI�WKH�QXFOHXV�VXEVWDQFH�GHQVLW\�FDQ�EH�OHVV�WKDQ�����
J�FP�� LI� WKLV� FRPHW�QXFOHXV� URWDWLRQ�SHULRG� LV� ������
KRXUV� >��@��7KH� IDOO�RI�D�ERG\�ZLWK�D�GHQVLW\�RI�����
J�FP�� DQG� DQ� LPSDFW� YHORFLW\� RI� ���NP�V� �WKHVH�SD�
UDPHWHUV�DUH�VLPLODU�WR�WKRVH�RI�WKH�+DOH�%RSS�FRP�
HW�� UHVXOWV� LQ� D� FROOLVLRQ�ZLWK� WKH� VDPH� SK\VLFDO� SD�
UDPHWHUV�DV�D�VROLG�ERG\�ZLWK�D�GHQVLW\�RI�����J�FP��
DQG�D�FROOLVLRQ�YHORFLW\�RI������NP�V�GRHV�>��@��$F�
FRUGLQJ�WR�WKH�RWKHU�PRGHO�WKH�LQLWLDO� WHPSHUDWXUH�RI�
WKH� YDSRXU� FROOLVLRQ� IRUPHG� FORXG� ZLOO� EH� DERXW�
����R&�� 7KH�PRVW� SUREDEOH� WKHUPDO� YHORFLW\� RI� WKH�
DWRPV� ZLOO� EH� DERXW� ���� NP�V�� 7KLV� PHDQV� WKDW� WKH�
GLVVLSDWLQJ� SDUW� RI� WKH� FORXG�PDVV�ZLOO� EH�����RI� LWV�
WRWDO�PDVV�WDNLQJ�LQWR�DFFRXQW�WKH�SDUDEROLF�YHORFLW\�
IRU� WKH�0RRQ� RI� ���� NP�V��1XFOHXV� GLDPHWHU� RI� WKH�
+DOH�%RSS�FRPHW�ZDV�HVWLPDWHG� WR�EH�DERXW����NP��
&RQVHTXHQWO\� DIWHU� D� VLPLODU� ERG\�ZLWK� D� GHQVLW\�RI�

���� J�FP�� IDOOV� RQ� WKH� OXQDU� VXUIDFH� D� YDSRXU� FORXG�
ZLWK�D�PDVV�RI�DERXW����[����J�LV�IRUPHG��7KH�ZDWHU�
PHOWLQJ�� VXUIDFH�� DQG� FUXVK�XS� HQHUJLHV� DUH� QHJOHFW�
HG�� $FFRUGLQJ� WR� WKH� DERYH� JLYHQ� DVVHVVPHQW� WKH�
PDVV� RI� WKH� YRODWLOH� FRPSRXQGV� ZKLFK� VWD\� LQ� WKH�
OXQDU� HQYLURQPHQW�ZLOO� EH����[����J��$VVXPLQJ� WKDW�
WKHVH�VXEVWDQFHV��GLVWULEXWHG�HTXDOO\�DERYH�WKH�OXQDU�
VXUIDFH��ZLOO� IXUWKHU�FRRO�DQG�GHSRVLW� LQ� WKH� UHJROLWK�
XSSHU� OD\HU�� WKH� DVVHVVHG�PDVV�ZLOO� EH� DERXW� ����� J�
SHU�D�VTXDUH�NLORPHWHU���

Whence the comet came into inner part of 
Solar System:� 7KH� +DOH�%RSS� FRPHW� LV� D� VLPLODU�
SRWHQWLDO� LPSDFWRU�� ,Q� WKDW� WLPH� 6]DE�R� HW� DO�� >��@�
GHWHFWHG�FRPHW�+DOH±%RSS�DW������$8��ZKLFK�LV�WKH�
PRVW�GLVWDQW�GHWHFWLRQ�RI�D�FRPHW�VR�IDU��,W¶V�SRVLWLRQ�
EHWZHHQ� .XLSHU� %HOW� DQG� 2RUW� &ORXG�� 2RUW� &ORXG�
FRPHWV�DUH�FXUUHQWO\�EHOLHYHG� WR�KDYH� IRUPHG� LQ� WKH�
6XQ
V�SURWRSODQHWDU\�GLVN�DQG�WR�KDYH�EHHQ�HMHFWHG�WR�
ODUJH�KHOLRFHQWULF�RUELWV�E\�WKH�JLDQW�SODQHWV��'HWDLOHG�
PRGHOV� RI� WKLV� SURFHVV� IDLO� WR� UHSURGXFH� DOO� RI� WKH�
DYDLODEOH�REVHUYDWLRQDO� FRQVWUDLQWV��KRZHYHU�� ,Q�SDU�
WLFXODU�� WKH� 2RUW� &ORXG� DSSHDUV� WR� EH� VXEVWDQWLDOO\�
PRUH� SRSXORXV� WKDQ� WKH� PRGHOV� SUHGLFW�� /HYLVRQ� HW�
DO��SUHVHQWHG�QXPHULFDO�VLPXODWLRQV�WKDW�VKRZ�WKDW�WKH�
6XQ�FDSWXUHG�FRPHWV�IURP�RWKHU�VWDUV�ZKLOH�LW�ZDV�LQ�
LWV�ELUWK�FOXVWHU�>��@��7KH�UHVXOWV�LPSO\�WKDW�D�VXEVWDQ�
WLDO� IUDFWLRQ� RI� WKH� 2RUW� &ORXG� FRPHWV�� SHUKDSV� H[�
FHHGLQJ� ����� DUH� IURP� WKH� SURWRSODQHWDU\� GLVNV� RI�
RWKHU�VWDUV��

Conclusions: ,W¶V�NQRZ�WKDW�RWKHU�VWDUV�KDYH�FLU�
FXPVWHOODU� FORXGV� RI�GXVW� RU� LF\�ERGLHV� WKDW�PD\�EH�
DQDORJRXV�WR�WKH�.XLSHU�%HOW�LQ�WKH�6RODU�6\VWHP��6R��
ZH� FDQ� SURSRVH� WKDW� D� SDUWLFOHV� RI� D� GXVW� PD\� EH�
EURXJKW�RQ�WKH�0RRQ�E\�JLDQW�FRPHW�IURP�RWKHU�VWDU�
V\VWHP��
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CORRELATIONS BETWEEN IRON DISTRIBUTION AND MORPHOLOGICAL EVOLUTION OF 
MARE MOSCOVIENSE.� �/X�<DQJ[LDR\L��0RVFRZ�6WDWH�8QLYHUVLW\��6WHUQEHUJ�$VWURQRPLFDO� ,QVWLWXWH��8QL�
YHUVLWHWVN\�SU��������������0RVFRZ��5XVVLD��OX\DQJ[LDR\L#JPDLO�FRP���

�
�
Introduction:� 7KH� �0RVFRYLHQVH� � EDVLQ� � LV� WKH��

PRVW��SURPLQHQW��PDUH��EDVDOW��ILOOHG��PXOWL�ULQJ��LP�
SDFW�IRUPDWLRQ�RQ�WKH�OXQDU�IDUVLGH��KLJKODQGV��0DUH��
EDVDOW��RI��0DUH��0RVFRYLHQVH��LV��GLYLGHG�LQWR�D�IHZ�
LQGLYLGXDO� EDVDOW� IORZV��+DUX\DPD� � HW� � DO�� � UHSRUWHG��
PDUH� � YROFDQLVP� � DW� � WKH�0RVFRYLHQVH� � EDVLQ� � XQWLO��
������*D��>�@���0RURWD��HW��DO��GHWHUPLQHG��WKH��WKLFN�
QHVV��DQG��DJH��RI��LQGLYLGXDO��EDVDOW�XQLWV��RI��0DUH��
0RVFRYLHQVH��,Q�WKH�ZRUN�LW�ZDV�FRQFOXGHG��WKDW��WKH��
PDJPD� �SURGXFWLRQ� � LQ� � WKH� �XSSHU� �PDQWOH� �EHQHDWK��
0DUH�0RVFRYLHQVH� � LV� IURP��� � WR� ���� � WLPHV� � ORZHU��
WKDQ��WKDW��RI��WKH�QHDUVLGH��PDQWOH��>�@���,QYHVWLJDWLRQ��
RI��VSHFWUDO��DQRPDOLHV�LQ��JOREDO��GDWD��DFTXLUHG��ZLWK��
WKH��0RRQ��0LQHUDORJ\�0DSSHU���0�����KDV��UHYHDOHG��
D��QHZ���XQLTXH���DQG��XQH[SHFWHG��VSLQHO�ULFK��OLWKRO�
RJ\� �RQ� � WKH� �FHQWUDO� �QHDUVLGH� >�@��7KHQ�VSLQHO�ULFK��
URFN��ZDV��GLVFRYHUHG��DW� � WKH� �0RVFRYLHQVH��UHJLRQ��
XVLQJ� VSHFWUDO� LPDJH� GDWD� E\� 0RRQ� 0LQHUDORJ\�
0DSSHU� �0���>�@��+RZHYHU�� LQ�ZRUN�>�@�ZDV�VKRZQ�
WKDW�ROLYLQH�ULFK��URFNV��REVHUYHG��DW�ULQJ��VWUXFWXUHV��
RI��WKH��0RVFRYLHQVH��EDVLQ��WRR���7KRVH�ROLYLQH��ULFK��
URFNV� � VXJJHVWHG� � WKDW� � WKH\� � DUH� � SUREDEO\� XSSHU��
PDQWOH� �PDWHULDOV� � H[FDYDWHG� � E\� � LPSDFW�� 6R�� LURQ�
ULFK� VXUIDFH� URFNV� LV� D� YHU\� LPSRUWDQW� LQGLFDWRUV� RI�
HYROXWLRQ�RI�WKH�0RRQ���

Topographic data for Moscoviense  basin:  :H�
XVHG�GDWD�IURP�WKH�&KDQJ¶(���VDWHOOLWH�WKDW�ZDV�VXF�
FHVVIXOO\� ODXQFKHG� RQ� 2FWREHU� ���� ����� IURP� WKH�
&KLQHVH�;LFKDQJ�6DWHOOLWH�/DXQFK�&HQWHU��DQG�DIWHU�D�
RQH�\HDU�SULPDU\�PLVVLRQ�DQG�QHDUO\�D�KDOI�\HDU�H[�
WHQGHG� PLVVLRQ� LW� LPSDFWHG� WKH� 0RRQ�� 2QH� RI� WKH�
SULQFLSDO� VFLHQWLILF� LQVWUXPHQWV� RQ� WKH� ERDUG� RI�
VSDFHFUDIW� ZDV� D� ODVHU� DOWLPHWHU� �/$0�� XVHG� WR�
PHDVXUH� WKH� GLVWDQFH� EHWZHHQ� WKH� RUELWHU� DQG� WKH�
OXQDU� VXUIDFH�� ,Q� UHVXOW� RI� WKH� &KDQJ¶(��� PLVVLRQ�
JOREDO� PRGHO� RI� WKH� 0RRQ¶V� WRSRJUDSK\� KDV� EHHQ�
FRQVWUXFWHG� >�@�� � 7KLV�PRGHO�� UHIHUHQFHG� WR� D�PHDQ�
UDGLXV�RI������NP��KDV�DQ�DEVROXWH�YHUWLFDO�DFFXUDF\�
RI� DSSUR[LPDWHO\� ��� P� DQG� D� VSDWLDO� UHVROXWLRQ� RI�
����R��FRUUHVSRQGLQJ�WR�DSSUR[LPDWHO\�����NP�RQ�WKH�
OXQDU� VXUIDFH��� %DVHG� RQ� WKH� HOHYDWLRQ� VSDFLQJ� �����
NP�DORQJ�WUDFN�DQG���NP�DFURVV�WUDFN���DOO�WKH�HOHYD�
WLRQV� ZHUH� ELQQHG� DQG� LQWHUSRODWHG� WR� IRUP� D�
�����î������JULG��$FFRUGLQJ�WR�WKHVH�GDWD�ZH�VHOHFW�
HG� IRU� DQDO\VLV� PRVW� ORZ� DUHD� WKDW� FKDUDFWHUL]HG�
KHLJKW� DERXW� ±� �� NP� UHIHUHQFHG� WR� D� VSKHUH� ZLWK� D�
UDGLXV� RI� ����� NP�� ,W�ZDV� XVHG� WRSRJUDSKLF� SURILOH�
DFURVV� WKH�0RVFRYLHQVH� EDVLQ� SODFHG� DORQJ� WUDFN�RI�
RUELW� ����� �DORQJ� PHULGLDQ� ZLWK� ORQJLWXGH� ���R� (��
>�@��7KH�VSHFWUDO�LPDJHV�IRU�WKLV�DUHD�ZHUH�FRQVWUDFW�
HG� XVLQJ� WKH� &OHPHQWLQH� VSDFHFUDIW� GDWD� >�@�� )LJ�� ��
UHSUHVHQWV� VSHFWUDO� LPDJH� RI� WKH�0RVFRYLHQVH� EDVLQ�

FRQVWUDFWHG� IURP� �� VSHFWUDO� XQLWV� ����� QP�� ���� QP�
DQG�����QP���

�
)LJXUH� ��� 6SHFWUDO� LPDJH� RI� WKH� 6RXWKHUQ� SDUW� RI�
0DUH�0RVFRYLHQVH�>�@��:KLWH�OLQH�VKRZV�WUDFN�RI�WKH��
RUELW� ����� RI� WKH� &KDQJ¶(��� VDWHOOLWH� RQ� WKH� OXQDU�
VXUIDFH�� �:KLWH�DUURZV�VKRZ�DUHD�ZLWK��KHLJKW�DERXW��
����NP��UHIHUHQFHG�WR�D�VSKHUH�ZLWK�D�UDGLXV�RI������
NP��
Spectral analysis of the depression:�8VLQJ�VSHFWUDO�
LPDJLQJ� RI� WKH� OXQDU� VXUIDFH� IURP� WKH� &OHPHQWLQH�
VSDFHFUDIW� >�@��ZH� FDQ� REWDLQ� WKH� UHPRWH� HYDOXDWLRQ�
RI�LURQ�LQ�WKH�VXUIDFH�OD\HU�RI�WKH�DUHD��,Q�WKLV�FDVH�ZH�
KDYH�XVHG� WKH�PHWKRG�GHYHORSHG�E\�/XFH\�HW�DO��>�@�
DQG�VXFFHVVIXOO\�DSSOLHG�E\�6KNXUDWRY�HW�DO�� >�@�DQG�
3LQHW�HW�DO��>��@�WR�WKH�UHPRWH�DQDO\VLV�RI�WKH�FRPSR�
VLWLRQ�DQG�PDWXULW\�RI�WKH�VXUIDFH�OD\HU�RI�WKH�0RRQ��
)URP� � VSHFWUDO� � PHDVXULQJ� �LPDJHV� LQ� ���� QP� DQG�
����QP�ZHUH�XVHG�� �LW��IROORZV��WKDW��)H2�FRQWHQW�LQ�
WKH�VXUIDFH�OD\HU�RI�WKH�GHSUHVVLRQ�DUHD�LQFUHDVHV��WR�
����DQG�PRUH��)LJ����UHSUHVHQWV�GLDJUDP�RI�WKH�)H2�
GLVWULEXWLRQ� DORQJ� WUDFN� RI� WKH� � RUELW� ����� RI� WKH�
&KDQJ¶(���VDWHOOLWH��7KH�YDOXHV�RI�R750  ɢ��R950 �ZHUH�
PHDVXUHG� RQ� WKH� VSHFWUDO� LPDJHV� IURP� WKH� &OHPHQ�
WLQH�OXQDU��SUREH�>�@���7KH�YDOXH���RI��)H2�IRU�UHJLRQV��
ZLWK� KHLJKW� DERXW� � ±� �� NP� LV� QRW� �PRUH� ��� ±� �����
0RUHRYHU�� FHQWUDO� SDUW� RI� WKH�GHSUHVVLRQ� �ODW������R��
FKDUDFWHUL]HG�KHLJKW�DERXW�±���NP�UHIHUHQFHG�WR�D��
�

66



VSKHUH�ZLWK�D�UDGLXV�RI������NP��
�

�
)LJXUH����'LDJUDP�RI�WKH�)H2�GLVWULEXWLRQ�LQVLGH�GH�
SUHVVLRQ� DUHD�� 7KH� KRUL]RQWDO� D[LV� LV� OXQDU� ODWLWXGH��
ZKHUH�RQH�GHJUHH�FRUUHVSRQGV�WR������NP��
Discussion: 5HFHQW� LQYHVWLJDWLRQV� RI� WKH� 0RV�
FRYLHQVH�EDVLQ� VKRZ�WKDW� IRUPDWLRQ� LV�DQ�YHU\� LQWHU�
HVWLQJ�SODFH�RQ�WKH�0RRQ�>��@���7KH�0RRQ�0LQHUDO�
RJ\�0DSSHU��0���WHDP�LGHQWLILHG�XQXVXDO�PLQHUDORJ�
LFDO�H[SRVXUHV�>�@���2WKHU�VWXGLHV�RI�WKH�0RVFRYLHQVH�
EDVLQ�KDYH�LGHQWLILHG�VHYHUDO�XQXVXDO�IHDWXUHV�RI�WKLV�
IDUVLGH� IRUPDWLRQ�� � ,W� LV� RQH� RI� WKH� IHZ� IDUVLGH� IRU�
PDWLRQ� WKDW� KDV� DEXQGDQW�PDUH� GHSRVLWV��0RUHRYHU��
QXPEHU� RI� ZRUNV� � DUH� FRQVLGHU� � WKH� 0RVFRYLHQVH�
EDVLQ�DV�KDYLQJ�WKH�WKLQQHVW�FUXVW�RQ�WKH�HQWLUH�0RRQ�
>��@�� � 0RURWD� HW� DO�� >��@� SURSRVHG� WKDW� WKLFNQHVV�
HTXDO�a�����P� LV� � WKH� ORZHU� OLPLW�RI� WKH� WRWDO� WKLFN�
QHVV�RI�PDUH�EDVDOWV�LQ�0DUH�0RVFRYLHQVH��6(/(1(��
�.DJX\D�� GDWD��� � 7KH\� � SUHVXPHG� � WKDW� � WKH� WRWDO�
WKLFNQHVV� � LV� OHVV� � WKDQ� �� � NP�� EHFDXVH� � WKH� FUDWHU��
GHQVLW\��RI�WKH�IORRGHG�FUDWHUV��LV�URXJKO\�DV�KLJK��DV�
WKH�GHQVLW\�RI� � ODUJH�FUDWHUV� LQ� WKH�KLJKODQG�XQLW� �RI�
0RVFRYLHQVH� EDVLQ�� � VXJJHVWLQJ� � WKDW� � PRVW� � ODUJH��
SRVW�0RVFRYLHQVH� EDVLQ� FUDWHUV� VXUYLYH� WKH� VXEVH�
TXHQW�PDUH�IORRGLQJ��7KH�DJH�RI�0RVFRYLHQVH��EDVLQ�
LV�HVWLPDWHG�WR�EH�a����*D��$FFRUGLQJ��WR�WKH�VWUDWLJ�
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DV� � D�1HFWDULDQ� � V\VWHP��ZKLFK� � LV� � FRQVLVWHQW� �ZLWK��
WKH� � FODVVLILFDWLRQ� � RI� �:LOKHOPV� >��@��0RURWD�HW� DO��
>��@�FRQVLGHU�WKDW�ROGHVW�XQLW�RI�PDUH�EDVDOWV�LQ�0DUH�
0RVFRYLHQVH� LV� REVHUYHG� LQ� WKH� VRXWKHUQ� SDUW� DQG�
KDYH��D��PRGHO��DJH��RI������*D��7KH�PDUH��EDVDOW��RI�
WKLV� �XQLW� � LV� � WKLFNHU� � WKDQ�����P��$FFRUGLQJ� WR�FX�
PXODWLYH�FUDWHU�VL]H�IUHTXHQF\�GLVWULEXWLRQV�REWDLQHG�
LQ�>��@�WKH�GHSUHVVLRQ�DUHD�DERYH�PHQWLRQHG�LV�PRVW�
\RXQJ�EDVDOWLF�IORZ�ZKLFK�KDV�DJH�RI�����*D��,Q�>��@�
WKH� GHSUHVVLRQ� DUHD� LV� QDPHG� DV� WKH� � HDVWHUQ� �PDUH�
XQLW��+DUX\DPD�HW� � DO�� >�@� UHSRUWHG� WKDW� WKH� OD\HU�RI�
PDUH� EDVDOW� LQ� WKLV� XQLW� LV� H[WUHPHO\� XQXVXDO�� ,WV�
WKLFNQHVV�LV�a����P��RQO\��)LJ������
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RI�GHSUHVVLRQ��
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SCIENTIFIC INVESTIGATIONS OF FUTURE RUSSIAN LUNAR LANDERS.  I. G. Mitrofanov1 and L. 
M. Zelenyi1, 1Institute for Space Research, Profsojuznaja 84/32, 117997 Moscow, Russia, imitrofa@space.ru. 

 
 

Scientific goals will be presented for future Russian 
Lander of Luna-Resource and Luna-Glob missions. 
Investigations will be described for addressing these 
goals, and selected scientific instruments will be 
reviewed, which correspond to these investigations.   
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Introduction: Big unsolved problem of the lu-

nar interior elements and molecules including light 
gasses-fluids and heavy rare-earth-elements (REE) 
is considered to be originated from “stable Earth-
type process” (with stable atmosphere and/or sea-
water) [1, 2] or from “dynamic impacts sources by 
meteoroids or planetary collision” [3-8]. However 
little study on the Moon has been reported clearly 
on role from surface materials of lunar regolith 
soils. The main purpose of the paper is to discuss 
new proposed model of the lunar interior reservoir 
(as Moon-type natural resources) of various ele-
ments and molecules through porous regolith soils 
on the Moon (possibly for Asteroids and planets of 
Mercury, Venus and Mars) [7, 8]. 

Porous regolith soils on the Moon: Hardness 
for  impact extra-lunar materials can be discussed 
by porosity and density data of the six lunar rocks 
(four highland and two Mare), various six chondrit-
ic meteorites and Apollo lunar regolith soils as 
follows [1, 7 and 8] (Fig.1 and Table 1). 
1) Porosity and density data of lunar regolith soils 
(high porosity and low density) are completely 
different with those of the lunar rocks and various 
meteorites (low porosity and high density), which 
indicates multiple impact fragmental regolith soils. 
2) Drilled core samples of the regolith soils reveal 
bulk estimated values from 15cm to 60cm [1] with 
decreased porosity and increased density, though 
porous regolith soils are still the same. 
3) The lunar breccias show the same or higher po-
rosity of various chondritic meteorites, but the 
same density of common chondrites and achon-
drites.  
4) The lunar highland crystalline rock (15418 anor-
thosite) is similar with CO carbonaceous chondrite. 
5) The lunar Mare basalts reveal the lowest porosi-
ty (some similar achondrite) and highest density 
(similar H and L chondrites).  
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Fig. 1. Porosity and density data of six lunar rocks, six 
chondritic meteorites and lunar regolith core soils [1]. 
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Fig.2. Depth profiles of light elements and Fe contents of 
the Apollo drilled cores 15001-15006 [1, 9 and 10]. Pho-
to is drilled regolith soils (Fe-bearing pale brown) of 
15006,128 sample [1, 10]. 
 

Lunar depth profiles of various elements: 
Depth profiles of the Apollo drilled core samples 
(15001-15006) are obtained from 16cm to 238cm 
in depth as follows [1, 9-14] (Fig. 2 and Table 1). 
1) All bulk contents of S, C, N, He, H and Fe ele-
ments are obtained irregularly to deeper sites 
2) Solar wind source of H, He and N elements and 
meteoritic Fe sources are the richest in shallow 
sample 16 cm in depth, but molecular elements of 
C and S (as CO2 and SO2 etc.) are the richest in 
relatively deeper sites of 65cm and 95cm in depth, 
respectively. 
3) Evidence of penetration to deeper sites through 
porous regolith soils during impacts is proved by 
two peaks of depth profiles of the six elements with 
lower second peaks, where heavy elements C, S 
and Fe are relatively deeper sites of the second rich 
peaks (168cm to 238cm) which are produced by 
direct shallow penetration (by smaller extra-lunar 
collisions), and/or larger mixing on larger impacts 
on porous regolith with gravitational deposition. 
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Carbon and Fe contents of the lunar surface: 
Bulk carbon contents of the Apollo lunar surface 
samples are discussed by 32 samples of 7Apollo12, 
13Apollo15, 5Apollo16 and 7Apollo17 as follows 
(Fig.3 and Table 1) [7, 9-14]: 
1) Carbon contents are largely changed at every 
Apollo landing sites, but the highest and lowest 
contents are Apollo 17th and 12th sites, respectively. 
2) Iron contents are not directly related with carbon 
contents, but the lowest content is obtained at the 
Apollo 16th site which is from the highland rocks. 
3)  Carbon contents of the surface rocks are not 
uniform with continuous collisions, but easily de-
creased (due to airless lunar circumstances). 
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Fig. 3. Carbon and iron contents of 32 Apollo surface 
samples of Apollo 12th, 15th , 16th and 17th [7, 9-14]. 
 

Rare-earth elements of regolith soils: Rare- 
earth elements (REE) are enriched in lunar rego-
lith soils and breccias compared with Mare ba-
salts [15, 16] (cf. Fig.4 and Table 1) as follows. 
1) Regarding with REE, Y is rich in regolith soils,  
but Ce is largely enriched in the impact breccias. 
2) Carbon, REE (Y, Ce and Eu)  and Ca contents 
are enriched in the regolith soils and breccias. 
3) Carbon contents are related with Eu (and Ca) 
contents in the lunar impact breccias. This is 
strongly supported that “lunar crust layering” are 
not global magma ocean model, but “impact-
related layering” [5-7] with increased the REE 
(including Eu) and Ca (combined with impact-
carbon) [15, 16]. 
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Fig.4. Carbon, the REE (Y, Ce and Eu) and Ca 
contents of the Apollo Mare basalts, regolith soils 
and impact breccias [1, 7 and 11-16]. 
 

                                                                                                                    

Table 1. Characteristics of the Apollo regolith soils.           
1) Void-rich texture: The highest porosity50%.  
2) Drilled cores: Two enriched peaks (C, Fe, S).  
3) Surface samples: Bulk carbon decreases. 
4) Enriched REE: Enriched carbon, Ca and REE 

    5) Gas filter: Interior reservoir for gas and fluid .                                         
    
     Regoliths filter to form interior reservoirs: 
The present results can be applied to interior fluid-
gas reservoir of various elements, including car-
bon-bearing light gasses-fluids with some water 
molecules in closed interior. This model of “rego-
lith filtering” is clearly useful to airless and water-
less Moon (also airless Mercury and Asteroids, and 
waterless Mars and Venus) in Table 1 [3-7, 17]. 

Summary: The results are summarized as fol-
lows: 1) Big unsolved problem of the lunar interior 
light elements and molecules including heavy rare-
earth-elements (REE) can be explained by “regolith 
filtering” from “dynamic impacts sources by mete-
oroids or planetary collision”. 2) Lunar regolith 
soils reveal very high porosity (ca.50%) to trans-
port light gas and molecule during impact collision. 
3) The Apollo drilled cores reveals two enriched 
peaks of relatively heavy C, S and Fe in deeper 
sites which are produced by direct shallow penetra-
tion, and/or larger mixing on larger impacts on 
soils. 
4) Carbon contents with irregular decreases at 
every Apollo surface samples are enriched with Ca 
and REE elements, which support impact layering 
of the lunar crust in this study. 5) The present re-
sults are applied to interior fluid-gas reservoir of 
carbon-bearing light gasses-fluids by the “regolith 
filtering” which is applied to Moon, Asteroids and 
the Earth-type planets. 
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Introduction: Previous model of lunar crust 

formation is based on global differentiation in the 
Moon itself [1, 2 and 3]. When major original rock 
compositions on the Moon are considered to be 
transported from primordial planets including Earth 
(triggered by planetary collision of giant impact 
process), the following lunar processes of magmatic 
ocean, impact differentiation and impact-related 
mega-regolith soils are fairely explained. The main 
purpose of the paper is to discuss new proposed 
model of lunar crust with major impact process 
aggregates with carbon (C) and meteoritic iron (Fe) 
and nickel (Ni) contents reported in the previous 
studies [4-8, 10-14], together with the Rare-earth-
elements (REE) data [14, 15]. 

Primordial block-aggregates from planets: 
Although previous lunar layering model is based on 
initial lunar interior differentiation to form light 
anorthositic crust and heavy basaltic mantle esti-
mated from the Apollo sampling samples [1], but 
light crust components of the present Moon can be 
considered to be transported as the remnants of 
planetary collision (known as giant impact [1, 2]) 
which initial layering has been formed at each pla-
net (including primordial Earth). This transported 
crust component by collision impact process can be 
also produced high-temperature materials (mantle-
related layers) and low-temperature materials 
(crust-related layers) as listed in Table 1. 

Incomplete layering on the Moon: Little 
continuous  heat sources on the Moon is consi-

dered to produce incomplete layers  of impact-
related aggregated blocks originated from collided 
shallow interior of the Earth-type planets. In fact,  
a) non-cycles of three materials states (vapor-
liquid-solid, called as VLS) on the solid Moon, and 
b) bulk density of the Moon (3340kg/m3) is very 
lower than Earth (5515 kg/m3) which is the similar 
with those of Asteroids of Vesta (3340 kg/m3) and 
Massalia (3260 kg/m3), and c) diameter of the 
Moon (from planetary blocks) are considerably 
larger than the Asteroids (from cosmic dust or pla-
netesimal). This indicates that bulk mafic silicate 
compositions are similar but block-aggregates are 
different from smaller Asteroids and larger planets 
(Table 1). 

 
Table 1. Two steps of lunar source and crust formation .     
     Formation step                  Impact source and layering   
a) Planeraty surfaces        Separation by planetary collision        

(Primordial Earth)         (i.e. giant impact)  
b) Incomplete layering      Few continuous heat sources  
      (Irregular surface)        (non-cycles of state changes) [4]      

Evidences of anomalous lunar minerals: The  
Apollo lunar rocks reveal anomalous lunar minerals 
compared with the Earth-type minerals with slow 
magmatic evolution as follows [10-13]: a) Number 
of lunar minerals without hydro-alteration are less 
than a few % than that of terrestrial minerals [1, 5]. 
b) Major lunar crustal minerals of plagioclase 
shows i) a few vacant sites in Ca-rich plagioclase 
with carbon element [10,13], ii) higher amounts of 
foreign Mg and/or Fe mixed with olivine/pyroxene 
minerals [6, 8, 14], and iii) few micro-lamellar tex-
tures with slow-cooling formation [11]. c) Impact 
breccias and regolith soils contain significant 
amounts of carbon, chlorine and rare-earth elements 
(REE) [6, 8 and 14]. 
     Impact evidence with higher porosity: Porosi-
ty of the lunar rock samples indicates impact effects. 
In fact, a) older lunar rocks and breccias (15418, 
14321 and 14303) show higher porosities (ca. 2 to 
9 times) with lower density than those of younger 
basalts (15555 and 12051) [9]. b) Older breccias 
(14321 and 14303) reveal highest porosity than 
other type of rocks. c) Old lunar anorthosite 
(15418) reveals higher porosity than Mare basalts 
(15555 and 12051) as shown in Fig. 1. 
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Fig. 1. Lunar data of density, porosity and age in the 
pristine Apollo Mare basalt (15555 and 12051) and  
highland anorthosite (15418) and breccias (14321 and  
14303) [1, 2, and 6-9]. The diagram suggests that pri- 
mordial lunar rocks of breccias and anorthosite reveal  
high porosity by impact effects  
 

     Impact indicators by Fe-Ni-Co and carbon: 
Significant amounts of iron-meteoritic components 
(Fe, Ni and Co) and carbon contents are consi-
dered to be indicator of dynamic impact process on 
the lunar samples [1-9] as follows (Fig. 2): 
a) The oldest FAN breccias (67016) have higher 
values of Fe, Ni, Co and C contents than younger 
crystalline FAN sample (67075) [8, 9 and 15], 
which indicates first pristine FAN sample reveals 
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dynamic impact block-aggregates (Fig. 2).  
b) The oldest Mg-suite-type samples (76535 and 
15455) [16] reveal higher values of carbon and Co 
contents than younger 14321 breccias. 
c) The oldest samples (67016 and 15455) reveal the 
highest carbon content which indicates dynamic 
mixing process at the block aggregates (Fig.2).  
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Fig. 2. Five values of FeO, Ni, Co and C contents and 
age of two AP16 highland (FAN) and three AP14,15 and 
17 evolved (Mg-suite) lunar samples [1, 16] to show 
dynamic impact remnants. 
 

The oldest lunar highland crust rock: Present 
new model of lunar highland crust is considered to 
be impact block-aggregates from planetary collision, 
which is supported by the following data: 
a) The oldest lunar highland sample (67016) re-
veals higher values of impact indicators (Fe, Ni, Co 
and C) than younger old highland sample (67075). 
b) Both oldest lunar samples (67016 highland anor-
thosite and 15455 Mg-suite norite) reveal the high-
est values of carbon and Co contents related with 
impact effects. 
c) There is no clear relation  with rock age data 
and impact signature (Fe, Ni, Co and C), which 
suggest few continuous destroy process with age  
on homogenous or heterogeneous lunar surface 
crystalline rocks formed by magmatic melting on 
the Moon previously reported. 
     Rare-earth elements of the soils and breccias: 
Rare-earth elements (REE) are enriched in lunar 
regolith soils and breccias compared with the Mare 
basalts [14, 15] (cf. Fig. and Table in [15]). In fact, 
carbon contents are related with Eu (and Ca) con-
tents in the lunar impact breccias. This result 
strongly indicates  [1, 2] 
are not global magma ocean model mpact-
relate 8, 15] with increased Ca and the 
REE (including Eu) and Ca (including carbon) [15]. 

Summary: The results in this study are summa-
rized as follows: 
a) Present new model of lunar crust formation is 
proposed by dynamic transportation and mixture 
process from primordial planets including Earth 
triggered by planetary collision of giant impact 
process, which can be explained the following lunar 
processes of magmatic ocean with impact melting 
and differentiation and impact-related mega-
regolith soils on the Moon.  

b)  on the dry solid 
Moon with same density values of solid Asteroids  
produces incomplete layers of larger impact-related  
aggregated blocks originated from collided Earth- 
type planets.  
c) The lunar rocks reveal anomalous lunar minerals 
of poor variety without hydro-alteration, Ca-
plagioclases with limited compositional ranges, and 
impact-related mixtures of Fe, Mg, carbon, chlorine 
and rare-earth elements (REE) including Eu. 
d) Older lunar rocks and breccias (15418, 14321 
and 14303) show higher porosities than those of 
younger basalts (15555 and 12051). Old lunar anor-
thosite (15418) reveals higher porosity than young-
er Mare basalts (15555 and 12051). 
e) The oldest FAN breccias (67016) have higher 
values of Fe, Ni, Co and C contents than younger 
crystalline FAN sample (67075). The oldest sam-
ples (67016 and 15455) reveal the highest carbon 
contents which indicates dynamic mixing process 
at the block aggregates and first pristine FAN 
sample. 
f) The oldest lunar highland sample (67016) and 
Mg-suite norite (15455) reveal higher values of 
impact indicators (Fe, Ni, Co and C) than younger 
old highland sample (67075).  
g) Few clear relation  with rock age data and im-
pact signature (Fe, Ni, Co and C) suggest few con-
tinuous destroy process with age  on lunar surface 
rocks formed by magmatic melting previously re-
ported. 
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Introduction:  The presence and abundance of 

lunar volatiles is an important consideration for 
ISRU (In Situ Resource Utilisation) since this is 
likely to be a part of a strategy for supporting long 
term human exploration of the moon.  The Lunar 
Volatile Resources Analysis Package (L-VRAP) is 
part of the provisional payload for the ESA European 
Lander [1] and aims to measure the abundance and 
chemical/isotopic composition of volatiles from re-
golith samples and the lunar exosphere. 

L-VRAP Concept:  The Package concept is 
based on instruments flown for other lander missions 
(e.g. GAP[2], TEGA[3], and Ptolemy[4]).  Regolith 
samples are loaded into one of 24 ovens on a carou-
sel whereupon the volatiles are extracted by either 
pyrolysis or combustion to temperatures of least 
800oC.  The abundance and chemical composition is 
determined by an ion trap mass spectrometer.  The 
volatiles are then chemically processed to be suitable 
for isotopic analysis by a magnetic sector mass spec-
trometer.  L-VRAP also contains reference gases of 
known chemical and isotopic composition to enable 
precise isotopic measurements.  The CAD layout is 
shown in figures 1 and 2. 
 

 
Figure 1.  L-VRAP CAD model showing enclosure.  
Enclosure dimensions 460 mm × 350 mm, ht 97 mm 

 
Figure 2  CAD model if the internal layout of L-
VRAP.  Subsystem details are listed opposite. 

 

Solid Sample Inlet.   
24 resistively heated ovens mounted on carousel  
Sample size 50-100mg 
Imager to estimate sample volume 
Tapping station to seal sample 

Chemical Processing System. 
Valves and manifolds to control gases 
Reagents and reactors to process volatiles 
Reference gases H, C, N, O & noble gases 
Reference gas mixture for ion trap MS 

Ion Trap Mass Spectrometer.   
Ring electrode r0 = 8mm, 1MHz RF 
Mass range 10 – 150 amu 
Unit mass resolution 
Electron multiplier detector 
Frequency 1 mass spectrum/second 

Magnetic Sector Mass Spectrometer.   
6cm radius 90° magnetic sector 
Mass range 2 – 150 amu 
Mass resolution M/ΔM = 65 
Triple Faraday cup detectors for C, N, O isotopes 
Double Faraday cup detector for D/H isotopes 
Electron multiplier detector for noble gases 
Isotopic precision ±0.1‰ µmol samples, ±1‰ nmol 
samples. 

Sample collection:  The Lunar Lander includes a 
robotic arm capable of scooping samples from up to 
3.5m from the lander centre and to a nominal depth 
of 10cm.  A timeline has been developed to analyse 
volatiles at various depths and locations as well as 
their variation over time and changing illumination 
conditions.  The possible inclusion of a mobile pay-
load element with a mole would allow a much larger 
range of samples to be acquired.  

Exosphere samples:  In addition to analysing 
volatiles released from regolith samples, L-VRAP 
can directly analyse the tenuous lunar exosphere by 
opening the mass spectrometers to the lunar envi-
ronment.  The ion trap MS can rapidly monitor the 
full mass range to detect transient events (e.g. during 
changes of illumination) whereas the magnetic sector 
MS has greater sensitivity can detect the less abun-
dant volatiles.  The housing for the Ion Trap MS also 
includes a material which passively traps the exo-
sphere.  Hence the exosphere can be collected over a 
long time scale during darkness. 

Contamination:  An important consideration for 
this study is the effects of contamination from the 
Lander.  The landing sequence will use about 1000 
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kg of propellant, with a large fraction directed onto 
the landing site.  Initial modeling indicates that un-
contaminated samples will be accessible by the ro-
botic arm at depths of several centimeters.  Knowl-
edge of the contamination composition and distribu-
tion will allow the identification of surface volatiles, 
either by subtracting the contamination or by identi-
fying protected areas such as surface shielded by 
small rocks. 
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al. (2008) J.Am.Soc.Mass Spectrom. 19, 1377-1383.  
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5, 09489.  [4]   Morse A. D. et al. (2009) In: Rosetta:  
ESA’s mission to the origin of the solar system, 19.6, 
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$EVWUDFW�  The Euroluna Team is one of the 

around 30 teams competing in the Google Lunar X 
PRIZE competition. 

The Euroluna Team was formed in 2007, and the 
first flight hardware was acquired in 2010.  

General. This paper will describe the current 
plans of the Euroluna missions. Missions are low 
cost and include two Earth orbiters and one Lunar 
Lander. 

The Euroluna missions are based on as much 
Commercial Off the Shelf components as possible 
and on keeping the overall mass of the orbiters and 
landers in the 1 to 5 kg range. 

Components and printed circuit boards are based 
on the Cubesat family and an ion thruster is used for 
propulsion. For landing on the Moon a special design 
is under development. 

Special software of own design is used for 
simulat ion of trajectories and energy consumption.  

Challenges with low isp thrusters. The special 
considerations relating to the design of the trajectory 
and landing procedure are discussed. Ephemerides 
from the Jet Propulsion Lab are used for navigation.  
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Introduction:  We present the development sta-

tus of the Lunar Laser Ranging experiment proposed 
to Japanese SELENE-2 lunar landing mission. The 
Lunar Laser Ranging measures the distance between 
laser link stations on the Earth and retroreflectors on 
the Moon, by detecting the time of flight of photons 
of high-powered laser emitted from the ground sta-
tion. Since the Earth-Moon distance contains infor-
mation of lunar orbit, lunar solid tides, and lunar 
orientation and rotation, we can estimate the inner 
structure of the Moon through orientation, rotation 
and tide. 

Retroreflector:  Retroreflectors put by the Apol-
lo and Luna missions in 1970's (Apollo 11, 14, 15, 
Lunakhod rover 1 and 2) are arrays of many small 
Corner Cube Prisms (CCP) (3.8 cm diameter for 
Apollo). Because of the tilt of these arrays from the 
Earth direction due to the optical libration, the re-
turned laser pulse is broaden, causing the main range 
error of more than 1.5 cm ([1]). Therefore retrore-
flectors with larger single aperture are necessary for 
more accurate ranging. Meanwhile, the beam width 
of retroreflector is inversely proportional to the 
fourth power of aperture. Therefore as the aperture 
becomes larger, the beam width becomes smaller so 
that the divergence of the reflected beam cannot can-
cel the velocity aberration of 3.5 - 7 micro radians 
([2]). To cancel the velocity aberration, a large 
retroreflector needs small amount of offset angle 
between the reflecting planes (called Dihedral Angle 
Offset or DAO) to spoil the return beam pattern. The 
DAO must be optimized to be less than 1 second of 
arc with 0.1 seconds of arc accuracy for collect more 
photons  [2,3].  

We propose a large single retroreflector of hol-
low-type with 15 cm aperture. Larger aperture up to 
20 cm might be favorable if more mass is permitted 
for payloads. Assuming the ground station as 1.5 m 
diameter telescope with relatively high energy laser 
(about 100 mJ, 10 Hz repetition rate), enough photo-
electrons can be detected within 10 minutes to 
achieve less than 1 cm of range uncertainty.  

As for the mirror material, some ceramic prod-
ucts (ZPF: zero expansion stiffness ceramics or SiC: 
silicon carbide) are under consideration. The thermal 
quality of the material can be evaluated by the coef-
ficient of the thermal expansion (CTE) and the ther-
mal conductivity (TC). The ratio TC/CTE is a good 
measure of the thermal stability of materials. The 
TC/CTE ratio for ZPF ( ~250)  is more than five 

times as large as that of the SiC (~50) or Zerodure 
(~30), therefore ZPF seems to be the most favorable 
material for the retroreflector. The method to fasten 
three planes each other must be developed. Also, 
realization of such small DAO as 0.1 seconds of arc 
is challenging with current technology, therefore the 
development of fabrication method is important. 

The reflectivity of each plane of the retroreflector 
must be as high as possible, because the light must 
be reflected three times in the retroreflector. In case 
of bare aluminum coat, the  reflectivity at 550 nm is 
91.6% and the total reflectivity for a retroreflector 
becomes as low as 76.9%. On the other hand, the 
reflectivity of the silver is 97.9% at the same wave-
length and the total value for the retroreflector will 
be kept high as 93.8%. Though silver has the highest 
reflectivity among metals, it is susceptible to corro-
sion, resulting much lower reflectivity with tarnish-
ing. Therefore a method for generating durable silver 
coating on a ceramic mirror which can survive in 
space as well as on the Earth must be developed in 
the near future. 
 

References: [1]  Murphy T. et al. (2008) PAPS, 
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Planet Space, 63, e13-e16. 
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Introduction:  
Prior to the discovery that the Moon has an Oxygen 

isotope ratio very close to that of the Earth and very 
small iron core, a number of researchers  [1-5]  worked 
out details of possible capture. Based on geology, cap-
ture is still favored by Harrison Schmitt [6]. The 
smallness of the actual lunar iron core led to abandon-
ment of whole capture theories, as there is no obvious 
way to get rid of most of an original lunar iron core 
~32% by mass.  Previous disintegrative capture theo-
ries all involving disintegration during capture were 
abandoned. Our disintegrative theory puts the disinte-
gration after the capture. The proto-Moon was cap-
tured into a descending orbit, initially eccentric, but 
soon circularized by tidal forces. The origin of the pro-
to-Moon  (PM) before capture is at the L4 Lagrange 
point [7], but the impactor Theia had the mass of Mars. 
Our PM has mass ~1/39 that of Earth or about 4 times 
less than the BG giant impactor.  Capture occurs just 
inside the co-rotation radius, so that the PM descends 
towards Earth. The outer layers of the PM are stripped 
to form a disk of rock particles.  All the rock is in that 
disk or else has struck Earth by the time the PM rem-
nant reaches 2.243 Earth radii (RE), after which the 
iron core descends to ~2.23 (RE), then disintegrating 
into an iron ring. The core, having driven the rock disk 
outside the Roche limit, tidally coaxes the ring of rock 
to form into a single Moon at about 3.5 Earth radii 
before itself breaking into a ring of iron droplets. The 
newly formed Moon then tidally drives the iron ring 
and any portion of the stripped rock that lay within the 
orbit of the disintegrating PM, down to the surface of 
the Earth, producing the "Late Veneer" [8]. The inner 
rock disk and iron ring particles arrive at the Earth's 
equator at LEO speed ~ 8 km s-1 and zero angle of in-
cidence. This contrasts to the Giant Impact (GI) case, 
where Theia's core enters at near-normal incidence and 
descends rapidly to join the Earth's core, thus having 
no discernable contribution to the Late Veneer. In the 
present theory, as contrasted to the GI case, the lunar 
material is never vaporized. The last parcels of rock to 
tear free from the PM's core might be driven out and 
hit the Moon on the nearside, so as to form the first 
maria at the same time, within ~ a few days, as the PM 
core plasters the Earth's surface with core material and 
rock. The magnetization of Troctolite 76535 [9] origi-
nated in the PM, which had a large enough iron core to 
support a dynamo. 

Fig 1. Orbit Entering Capture Phase 
 The successive circles are the Earth surface, the 

Roche limit and the co-rotation (synchronous) radius 

counting outwards. Earlier orbital motion resembles 
Figs. (4) and (5) of BG. 

 
 
 
Fig 2. Orbit History (up to capture phase) 
The vertical broken line is the final transition to 

within the co-orbital (synchronous) radius. The time 
scale is after Ref. [7]. 
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Introduction: The MOVIDA (Moon Volatile In-

vestigator and Dust Analyser) instrument here pre-
sented is being developed by a consortium of insti-
tutes, leaded by IAPS-INAF, which plans to charac-
terise the lunar environment and potential in situ 
resources to identify their implications for future 
human exploration. MOVIDA main scientific objec-
tives are: 
- measure the properties of lunar dust and the pro-
cesses of charging and levitation;  
- identify potential resources, which might be ex-
ploited in future exploration missions, such as water 
or organic rich material 

Working principle:  MOVIDA is devoted to the 
measurement of the lunar dust and to the characteri-
sation of the dust charging and levitation processes. 
It will measure the dust grain mass and charge allow-
ing, possibly, the discrimination of the grain size. A 
miniaturised and built-in heater will allow to perform 
heating cycles to measure volatiles (water and organ-
ics) possibly present in grain dusty material.   
MOVIDA is based on an array of micro-oscillators 
whose detecting part is made up of piezoelectric 
crystals with a conductive electrode that act as a col-
lector of micron and sub-micron size particles.  
Piezoelectric crystal microbalances are one of the 
most widely used chemical sensors in gas/particle 
sensing for Space and in environmental and biologi-
cal applications. They are also commonly used in the 
laboratory to control the thickness of materials de-
posited like thin films. These sensors convert mass 
changes into fundamental resonance frequency varia-
tions. They have been widely applied in Space to 
monitor dust flux and volatile outgassing [1, 2]. 
Microbalances are made up of a piezoelectric foil 
with metallic electrodes deposited on both sides. 
The fundamental transduction equation according to 
Sauerbrey equation [3] is: 

 
2
0ff m
A

Δ ∝ Δ  

which states that the change in resonance frequency 
Δf of a thin quartz crystal is proportional to the addi-
tional mass Δm deposited on it, f0 being the reso-
nance frequency of the uncovered quartz and A the 
sensitive area. The main innovation introduced by 
MOVIDA consists in the development of a new gen-
eration of microbalances able to attract charged dust 
grain by means of a variable Electric Field (EF), 
generated locally by the instrument itself. The appli-
cation of this EF will break the equilibrium between 
the Electric and the Gravity Fields on the Moon (as 
explained by the Levitation model), allowing the 

electrically charged dust grains to be attracted to-
ward the microbalance. In principle, by varying the 
local EF it is possible to attract grain with different 
size and electric charge. The electronics will be de-
signed to optimize the configuration of a capacitors 
cascade in order to measure the electric charge ac-
cumulated onto the sensor (using the capacitors dis-
charge principle). A built-in heater will allow to per-
form µThermogravimetric analysis (TGA). This spe-
cial design of a built-in heater dramatically reduces 
the total mass and the power required to perform 
thermal cycles. The TGA measures the change in 
mass of a sample as a function of temperature and 
time. The technique can characterize materials that 
exhibit weight loss or gain due to kinetic processes, 
mainly: decomposition, oxidation or dehydration. 

 
Technical characteristics: MOVIDA requires  

low mass, low size and is low power-consuming. Its 
technical characteristics are summarized in Table 1. 

 
Mass  <500g 
Volume < 300 cm3 

(main electronics & 
sensing system included) 

Average data rate 0.5  kbps 
Average required power < 2 W 

Table 1: MOVIDA technical characteristics 
 
 
MOVIDA Current status: The technical con-

cepts of MOVIDA benefit of developments already 
performed for a project that was recently selected by 
ESA and is currently under study for the proposed 
Cosmic Vision M-Class mission Marco Polo, Marco 
PoloR [4] and L-Class mission JUICE [5]. The in-
strument, called VISTA (Volatile InSitu Thermogra-
vimetry Analyser), is a miniaturised thermogravime-
try analyser that will perform measurements of the 
volatile compounds (water and organics) adsorbed 
onto the asteroid regolith. The VISTA study is pres-
ently funded by Italian Space Agency and INAF. 
One of the main goals of the study is to perform a 
feasibility analysis (including laboratory measure-
ments) to increase the VISTA TRL to a level of 5. 

The evaluation of mass, volume and vata given 
here have been extrapolated from the VISTA instru-
ment considering the new improvements. 

Anticipated impact in the field: The study and 
characterization of the lunar dust charging and levi-
tation has significant implications both from the sci-
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entific point of view and for enabling future long-
duration human lunar missions. During the Apollo 
missions it was noted that lunar dust (with diameter 
less than 20 µm) easily entered the cabin after astro-
nauts Extra Vehicular Activity: this dust created sev-
eral problems both to crew safety and instrumenta-
tion [6]. Measurement of water and organic rich ma-
terials is extremely important to understand what 
kind of resources can be available to humans on the 
Moon and what kind of processes act to originate 
and/or destroy Lunar volatiles. 

Anticipated risks: The technology of MOVIDA 
is mature and has been demonstrated on different 
planetary missions. The new improvements, consist-
ing in measuring electric charge by capacitor dis-
charge and in capturing charged particle by means of 
a controlled Electric Field, are demonstrated in their 
basic principles. Their performances should be eval-
uated  experimentally. 
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Introduction: This work represents the thermo-

dynamic part of the project LUISE (Lunar In-Situ 
Experiment). The goal of this project is the thermal 
processing of lunar regolith, as an effective way to 
extract solar wind implanted particles (SWIP). Since 
the thermal conductivity of powders in general is 
very low under vacuum conditions (about 5 – 20 
mW/(m K) ), heating a larger amount of lunar rego-
lith on the moon is a difficult task. The goal of the 
present work was to create a basic understanding of 
the thermodynamic processes occurring during the 
heating of lunar regolith from vacuum up to atmos-
pheric conditions. 

For the experimental determination of the effec-
tive thermal conductivity of JSC-1A, the hot-plate 
technique was used under atmospheric and vacuum 
conditions. Besides, a cavity receiver breadboard 
design was used for further investigations under 
vacuum conditions. In general, the heat transfer in a 
porous media is described by three combining mech-
anisms: heat transfer through the fluid and point con-
tact, through the contact area and due to radiation. 
To ensure that radiation is in the optical thick regime 
the probe thickness was chosen larger than 10 mm. 
This is an important issue especially for vacuum 
conditions, where radiation is the dominant mecha-
nism. The experimental results are in good agree-
ment with the known theory of Zehner, Bauer and 
Schlünder. Those results were used for the develop-
ment of a numerical simulation model. In this model, 
the outgassing of the SWIPs and its increasing influ-
ence on the effective thermal conductivity of the 
lunar regolith is implemented. The higher conductiv-
ity is caused by the increasing number of gas mole-
cules. 

With this experimental results and the developed 
model, a first prediction of the influence of outgas-
sing SWIP on the heating process of lunar regolith is 
possible. First simulations show that the processing 
time to reach temperatures of up to 1000 °C can be 
reduced by a factor of 10.
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Introduction:  In the next decade in many countries 
a series of space experiments is planned to observe 
the lunar physical libration with tools mounted on 
lunar surface. The Japanese project ILOM (In situ 
Lunar Orientation Measurement) is planned to be 
realized as one of kinds of observations of lunar ro-
tation at the second stage of SELENE-2 mission [1]. 
One of the important elements of the project is plac-
ing of a small optical telescope on the lunar surface 
with the purpose to detect the lunar physical libra-
tion with high accuracy 0.001 arc sec. 

It is known numerical and analytical approaches 
exist in the theory of physical libration of the Moon, 
they complement each other: a numerical approach 
has higher accuracy and is used for direct processing 
of observations, the analytical approach is  less accu-
racy , but is more flexible in simulating observations 
and their subsequent interpretation. Accordingly, the 
analytical theory of lunar physical libration is used 
in the current study to model the observation process 
of the ILOM-project in order to identify the sensitiv-
ity of stellar tracks to the parameters of the gravita-
tional field of the Moon, the coefficients of elasticity 
and the dissipation of the lunar body, the characteris-
tics of the lunar core. Stage of the study aimed at 
determining the sensitivity of stellar tracks for the 
deformability of the lunar body is presented in this 
report. 

 
Analytical theory for the case of deformable 

Moon: The analytical theory of lunar libration [2], 
[3] is used for the imitation of the observations. The 
theory gives dependence on the time and Stokes co-
efficients (till the fourth order) in the form of Pois-
son series. The expansion of Petrova’s analytical 
theory in the case of a deformable Moon is made on 
the basis of complements, calculated by Chapront et 
al. [4]  to the Moon’s libration theory [5] concerning 
tidal effects. Moon’s theory also takes into account a 
rigid body. Chapront et al. have developed the the-
ory, considering the effects of perturbation due to 
the deformation of the Moon by the Earth, the Sun 
and lunar rotation (tidal perturbations). 

These perturbations in the case of an anelastic 
model with constant time delay are represented in 
the semi-analytical form. The series were obtained 
for the Love number k2 = 0.02992. Chapront et al. 
used the dynamical model DE245, therefore the se-
ries of Petrova’s theory is reduced to the semi-
analytical form, using Stokes coefficients of the 

same gravity field model. We are interested only in a 
qualitative manifestation of the effects of elasticity 
in selenographic coordinates of the stars, but not in 
the accuracy of the coordinates. of stars in the obser-
vations. Therefore, we believe that the simple join-
ing of the two types of series to be warranted. 

 
Calculation libration angles for a rigid and de-

formable Moon The problem is solved by the fol-
lowing algorithm: 

1. A fictitious star with ecliptical coordinates of 
the Northern pole of the Moon is taken. 

2. Its selenographic coordinates xo, yo are calcu-
lated on the basis of the extended libration theory for 
the period of 1 year. The coordinates are considered 
as "observed" coordinates. 

3. These coordinates are introduced into equa-
tions of the inverse problem of libration [6]. The 
equations are solved by the gradient method. The 
angles of libration for a rigid Moon Uc(t), Wc(t), Vc(t) 
are taken as the first approximation to start the itera-
tive process. Solution of the inverse problem gives 
us the libration angles for a deformable Moon U o(t), 
W o(t), V o(t), which we call as an "observed” libration 
. 

4. The residuals: )()()( ttt co WWW � ' , 

)()()( ttt co UUU � ' , ))()(()( ttItI co VVV � '  
are analysed. 

It’s shown that longitudinal libration is not sensi-
tive any variation of coordinates and can not be re-
vealed from observations of polar stars. 

 
Analysis of residuals: We carry out the Fast 

Fourier Transform on the residuals. Obtained spectra 
for libration angles are shown on Fig. 1. Numerical 
values of frequencies, respective periods and ampli-
tudes are given in Table 1. In order to identify the 
obtained frequencies with the origin frequencies of 
libration theory, we calculate 'U  and 'V in analyti-
cal form using the software Poisson Series Proces-
sor. The terms, whose amplitudes are greater than 
0.001ǳ, are presented in Table 2. 

Comparing respective parameters from both ta-
bles allows giving some comments to future spectral 
analysis of residuals, which will be directed on defi-
nition of parameters characterising the lunar elastic-
ity, in particular, of the Love number k2.  

We dare to suggest that the components with the 
periods of 25.29 days and 29.5 days (Table 1) are 
result of blend of the harmonics, whose periods are 
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close to the lunar rotation period a27.3 days: F, l-2F, 
l-2D, l. Analysis of blends is a complicated problem 
of spectral analysis, nevertheless the improvement of 
k2 will cause the total decrease of residuals in this 
region. Strong harmonic 2F with the period of 13.62 
days is very useful for the analysis: there are no 
other harmonics in its vicinity. Weak component 
with the period of 9.077days corresponds to the (l-
2F)-term. It may be also interesting for analysis, 
although its amplitude is on the verge of accuracy; 
however, our simulation reveals this component. 

In comparison with a rigid model the tidal model 
causes not just periodical variations, but the constant 
small shifts in libration angles (– 0,0117ǳ in  'U and 
-0.2619ǳ in 'V), as evidenced by analytical represen-
tation of the residual spectra (Table 2). Improving 
the k2 will cause decreasing these shifts too. 

Thus, several components sensitive to the pa-
rameter k2 are revealed from examination of residual 
spectra. 

The effectiveness of simulation could be im-
proved, if we compared tidal models with different 
values of k2. For this purpose it is desirable to im-
prove the analytical theory, supplementing it by the 
partial derivatives of libration angles with respect to 
k2. This idea was realized by Eckhardt [7] for elastic 
model- "solution 514", his partial derivatives contain 
a few terms in comparison with solution of Chapront 
et al. [4].  

 

 
 
Fig. 1 Spectrum of residuals of 'U(t) and 'IV(t). The 
unity of ordinate is arc sec 

 

Table 1. Frequencies and amplitudes revealed by 
Fourier transformation of simulated residuals in U 
and IV 
 

Frequency 
(revolu-

tion  
per day) 

Period 
T 

(day) 
'U 

(arc sec) 
'IV 

(arc sec) 

0.11020 9,077 0.0002 0.0003   
0.07345 13.62 0.0137 0.0137 
0.03955 25.29 0.0137 0.0137 
0.03390 29.5 0.0130 0.0130 
0.00283 353.9 0.0003 0 

 
Table 2. Parameters of the analytical series calcu-
lated for the residuals in libration angles U and IV 
 

Delau-
nay  

argu-
ments 

l  F  l’  D 

Fre-
quency 
(revolu-

tion  
per day) 

Period 
T 

(day) 

'U(arc sec) 'IV(arc sec) 

Cos Sin Cos Sin 

0  0  0  0 - - 0.0117  - -
0.2619 - 

0  1  0  0 0.03675 27.2122 -0.0040  -
0.0240  0.0238  -

0.0040 

0  2  0  0 0.07350 13.6061 0.0064  -
0.0002 

-
0.0006  0.0063  

1 -2  0  0 -0.03720 -26.8783 -0.0241 0.0204  0.0187  0.0241  

1  0  0 -2 -0.03143 31.8119 0.0010    -
0.0010  

1  0  0  0 0.03629 27.5546 0.0351  0.0074  -
0.0073  0.0351 

1  2  0 -2 0.04206 23.7746 -0.0010    -
0.0010  

1  2  0  0 0.10979 9.1085    0.0002  
2 -2  0  0 -0.00091 -1095.17 0.0004 0.0002   

2  0  0  0 0.07258 13.7773 0.0003  -
0.0001  0.0010  

 
References: [1] Hanada H, Araki H., Tazawa S. 

et al. Development of a digital zenith telescope for 
advanced astrometry. Science China (Physics, Me-
chanics & Astronomy). Vol.54, (2011) (in press)  
[2] Petrova N. Analytical extension of Lunar libra-
tion tables. Earth, Moon and Planets, Vol. 73, No 1, 
p. 71-99, 1996. [3] Gusev A., Petrova N. Rotation, 
physical libration and internal structure of the Moon. 
The Book. Kazan university press. 208 p., 2008 (in 
Russian). [4] Chapront J., Chapront –Touzé M., 
Francou G. Complements to Moon’s Lunar libration 
theory. Cel. Mech. & Dyn. Astron., v.73, pp 317-
328, 1999. [5] Moons, M.: 1982, ‘Analytical theory 
of libration of the Moon’, Celest. Mech. & Dyn. 
Astr., 26, 131. [6] Petrova N., Abdulmyanov T., 
Hanada H. (2012) 43-rd LPSC, 1027.� [7]�Eckhardt 
D.H. Theory of the libration of the Moon. The Moon 
and the Planets, 25, pp. 3 – 50, 1981. 
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A  MINIATURISED  XRD/XRF  INSTRUMENT  FOR  THE  IN  SITU  ANALYSIS  OF  LUNAR 

SOILS/ROCKS.  L. Marinangeli1 , L. Pompilio1 , I.B. Hutchinson2, G. Adami3 and A. Stevoli3, 1IRSPS-Uni-

versita' G. d'Annunzio, via dei Vestini 31, 66013 Chieti, Italy e-mail: luciam@irsps.unich.it  2Space Research 

Center, University of Leicester, United Kingdom  3Thales Alenia Space - Italia, Milan.

Introduction: The  knowledge  of  the  surface 

composition  is crucial  for the identification  of po-

tential  resources  and  for  the  understanding  of the 

surface/crustal  evolution.  An  ultra-miniaturised 

(mass 1.5 kg; volume  ~22x6x12 cm3) X-rays 

diffractometer/fluorescence  instrument (MARS-

XRD) has been developed for the the mineralogical 

and chemical characterization of Martian soils/rocks 

and included in the ExoMars-Pasteur payload [1,2] 

(Figure 1). The simultaneous acquisition of in-situ 

chemical and petrological information trough a sim-

ilar instrument would give significant improvement 

to  lunar robotic  missions,  as  well.  The  complete 

characterization of lunar  soils/rocks  would indeed 

help us unraveling many doubtful points regarding 

the mantle  composition, crustal  evolution  and  re-

source potential of the Moon. Based on the ExoMars 

experience, we propose a similar instrument for the 

chemical  and  mineralogical analysis  of  the  lunar 

rocks. The proposed instrument is an innovative and 

advanced  concept  which  gather  the  experience 

achieved in Europe for the miniaturisation of the de-

sign.

Main objectives:  The capability of simultane-

ously acquiring X-rays diffraction (XRD) and fluo-

rescence  (XRF)  measurements  would  allow us  to 

disclose  the  mineralogy  and  chemistry  of  lunar  

soils/rocks. 

Unraveling the composition of surface materials 

is crucial in order to identify processes occurring at 

the surface and at the crustal interior. As an exam-

ple, the identification of the mineral  paragenesis of 

igneous  rocks  provide  information  on  the  type of 

crustal  differentiation  and  volcanic  processes  in 

terms of temperature, pressure and volatile content, 

together with crucial information to model the man-

tle characteristics (i.e.  viscosity) at  the time of the 

rock formation. This is the only way to get informa-

tion  on  the  past  interior  conditions  which  can  be 

coupled to planned geophysical investigations.

The  identification  of the  iron-bearing  minerals 

(i.e., oxides) can help in understanding the magnet-

ic  field  at  the  time of rock  formation.  A detailed 

mineralogical characterization of the surface sample 

is required to reconstruct the variation of the interior 

dynamics of the planet.

Furthermore, determination of chemical compo-

sition extended to trace elements (i.e.,  Rb, Sr) will 

provide more detailed information about magmatic 

and crustal differentiation of the lunar samples col-

lected during the mission.

Working principle:  The instrument is based on 

an  innovative  concept  which  combines  X-ray  dif-

fraction  and  fluorescence techniques  to simultane-

ously  measure  the  mineralogy  and  chemistry  of 

soils/rocks.

X-rays diffraction is a well-established analytical 

technique for the identification of minerals, as well 

as other crystalline materials. XRD is the most com-

mon  routine  tool  for  mineral  identification  of un-

known  substances  using  a  very  small  volume  of 

sample.  Almost all  we know about the location of 

atoms, their sizes and their bonding in crystal struc-

tures has been largely derived from X-rays diffrac-

tion studies. XRD is particularly useful to determine 

the degree of crystallinity in samples, possible devi-

ations of the minerals from their ideal compositions 

(presence  of element  substitutions  and  solid  solu-

tions),  the  structural  state  of the  minerals  (which 

can be used to deduce temperatures and/or pressures 

of formation), and the degree of hydration for min-

erals that contain water in their structure.

X-rays fluorescence spectroscopy is used in most 

research laboratories to study the chemistry of inor-

ganic substances. Through irradiation with X-rays, 

the sample generates an  X-rays emission spectrum 

that is characteristic for each element in the sample. 

The XRF spectrum is characterized by spectral lines 

centered  at  wavelengths  which  are  diagnostic  of 

each chemical element.

The combination  of XRD and  XRF techniques 

provides a complete mineralogical  characterization 

of the  rock sample with  one instrument.  The pro-

posed instrument consists of a radioisotope as source 

of X-rays, a collimator and  a CCD-based detection 

system. The instrument follows a fixed reflection ge-

ometry to fulfill the diffraction principle.

The instrument  takes advantage of the use of a 

radioactive source  (55Fe and  241Am isotopes has 

been fully tested at the breadboard level) to reduce 

the power consumption compared to the more com-

mon X-ray tube. However, given the status of the art  

for cold-cathode X-ray carbon nanotube, this option 

may be also investigated.

Operations: A full measurement  cycle consists 

of data acquisition and integration in several hours. 

XRF and XRD measurements are acquired simulta-

neously and the separation of the two types of infor-

mation is achieved via software.  The instrument  is 

able to analyze samples spanning from fine powders 

to pristine  surfaces with  clean  and  smooth cut.  In 

the latter case, the rover should be equipped with an 

appropriate  tool  for  sample  preparation  (i.e.,  the 
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Rock Abrasion  Tool  onboard  MERs).  The  instru-

ment  should be as close as  possible to the  sample 

surface during the integration time.

Testing instrument capabilities: A number of 

measurements have been acquired on terrestrial ana-

logues of Martian soils/rocks and compared with 

measurements acquired using commercial instru-

ments in order to test detection limits and accuracy.

Further testing is planned with lunar  analogues 

and samples, such as mare regolith and basalts, and  

various glass types as well.

References: [1] Marinangeli  et  al.  (2007)  LPS 

XXXVIII, Abstract  #1322.  [2] Marinangeli  et  al. 

(2011)  EPSC-DPS., Abstract #1232. Figure  1.  MARS-XRD  Structural  and  Thermal 

Model (STM) developed at TASI-Milan.

Figure 2. Drawing of the MARS-XRD instrument with the description of the different subsystems.
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CHEMICAL COMPOSITION OF LUNAR REGOLITH IN CRATERS WITH COLD TRAPS AT THE 
LUNAR POLES. S. G. Pugacheva and V. V. Shevchenko, Sternberg Astronomical Institute of the Lomonosov 
Moscow State University, 13 Universitetsky pr., 119992 Moscow, Russia, pugach@sai.msu.ru. 

 
 
Introduction: Introduction:  The article pre-

sents the results of integrated study of the craters at 
lunar South and North Poles with high content of 
hydrogen in the soil matter. The surface of the cra-
ters that are situated in the area of the lunar Poles is 
not exposed to the direct sun light and has extremely 
low temperature (below 90 K), which remains for 
billions of years. 

The estimated values of photometric parameters 
in visible and infrared spectral ranges show that the 
illumination conditions of pole craters create prereq-
uisites for formation of considerable water ice fields 
in the cold traps of the craters. Measurement made 
by KA Lunar Prospector (LP) and Lunar Reconnais-
sance Orbiter (LRO) proves high content of hydro-
gen in the lunar soil [1, 2, 3 and 4]. 

The main target of research is to determine any 
indirect indicator of the hydrogen presence in the 
soil of the Moon’s regolith. We have analyzed the 
ultimate chemical composition of thorium, ferric 
oxide and hydrogen contents in the soil matter from 
11 craters with the cold traps. 

There were selected the craters at South Pole: 
Cabeus  (85.28oS, -41.81oW, D=100.58 km), Shack-
leton (89.63oS, 132.32oE, D=21 km), Faustini 
(81.18oS, 85.02oE, D=42.48 km), Shoemaker 
(88.03oS, 39.85oE, D=48.33 km), Haworth (87.2oS, -
7.49oW, D=51.42 km), and craters located near the 
North Pole: Peary (88.57oN, 25.73oE, D=85.15 km); 
Rozhdestvenskiy (85.49oN, -158.44W, D=180 km); 
Whipple (89.14oN, 119.92oE, D=14.53 km); Hermite 
(87.08oN, -91.31oW, D=104.64 km), Byrd (85.38oN, 
12.05oE, D=91.92 km); Lenard (85.17oN, -
109.32oW, D=45.24).  

We calculated the histogram demonstrated the 
height distribution in the craters with cold drapes. 
The modes of the height distribution in the Cabeus, 
Shackleton, Faustini, Shoemaker and Haworth cra-
ters are -4.5, -0.70, -2.7, -3.5, -3.5 km, respectively. 
Modes of the height distribution of the craters of 
North Pole are equal Peary (-2.6 km), Rozhdestven-
skiy (-5.0 km), Whipple (-1.9 km), Hermite (-3.5 
km), Byrd (-1.3 km), Lenard (-2.5 km). 

Regarding the altitudinal level the crater Cabeus 
and crater Rozhdestvenskiy are situated significantly 
lower than other craters with “cold traps”. 

The abundances of the chemical elements: In 
order to make estimation of the chemical composi-
tion elements of the soil matter in the cold traps were 
used the measurements of Th, FeO and H contents 
by a spectrometer on KA LP [1]. The measurements 
of the ultimate soil composition have the spatial res-

olution of 0.5o x 0.5o that approximately coincides 
with a tetragon with 15 km side. The histograms of 
the elements distribution of the soil chemical 
composition of the craters with cold traps and table 
of statistical parameters will be represented in our 
article. 

The most difference of thorium and hydrogen 
contents is observed in soil matter of craters. The 
concentration of FeO ferric oxide in the craters is 
approximately the same. Probably the low content of 
thorium in the area of the Cabeus and Rozhdestven-
skiy craters is resulted from high irregularity of the 
surface micro-relief. In our articles published in 
2003, we resumed a regression dependency between 
thorium content in the lunar soil samples and degree 
of irregularity of the surface micro-relief [5, 6, 7]. 

The histograms in Figure 1, 2 show the distribu-
tion of the hydrogen content in the craters, plotted 
using the data from LP catalogue. According to fig-
ures the general distributions of hydrogen in craters 
Cabeus and Roshdestvenskiy are of polymodal na-
ture and can be divided into two marginal distribu-
tions that have form close to normal distribution. In 
this case, the first mode in crater Cabeus means 125 
ppm, and the second mode of the hydrogen distribu-
tion is 170 ppm. The second mode of the hydrogen 
distribution matches with the northern shadowed 
border of Cabeus formation. The hydrogen distribu-
tion of the Roshdestvenskiy crater has also two 
modes, 115 ppm and 140 ppm. High content of hy-
drogen observes in craters Peary (155 ppm) and 
Whipple (150 ppm). 
 
 
 

 
 
Fig. 1. The hydrogen distributions in the surface 

layer at the lunar craters near the North Pole. 
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Fig. 2. The hydrogen distributions in the surface 

layer at the lunar craters near the South Pole. Brown 
circles show values of the hydrogen content meas-
ured by KA LRO. 

 
The hydrogen measurement gaps between two 

spectrometers might be caused by time of lunar day 
and migration of hydrogen molecules into lower and 
cold surface areas under influence of the sunlight. As 
per one of the hypothesis, the water and hydroxyl 
may be the components of volcanic rock minerals of 
phosphates group. 

Conclusions: The analysis of the results obtained 
confirms that the continental areas of the lunar Poles 
are not homogenous. The variety of basalt types is 
resulted from the depth and melting temperature of 
any substance in accretion process. The changes in 
basalts composition are contributed with the meteor-
oid- and comet impacts that cause the substance 
melting and formation of various breccias. Probably, 
the regolith of the “cold traps" has higher porosity 
and irregularity microstructure that can create condi-
tions to accumulation of H2O in the subsurface. Pos-
sible, this type to surfaces (oxhide) is the relic type 
of porous surface, which was formed under influence 
of a continental ice. 

References: [1] Lawrence, D. J. et al., (2002) J. 
Geophys. Res., Ser. E, vol. 107, no. 12, p. 5130. [2] 
Ivatury V., Mcclanahan T.P. (2009) LPS XXXX, Ab-
stract #1134. [3] Litvak, M.L., Mitrofanov, I.G., et 
al. (2011) LPS XXXXII, Abstract #1765. [4] Mitro-
fanov I. G., Litvak, M.L., et al. (2011) LPS XXXXII, 
Abstract #1787. [5] Shevchenko V. V. et al. (2003) 
Proceedings of the International Lunar Conference, 
511-513. [6] Pugacheva S. G. and Shevchenko V. V. 
(2003) LPS XXXI, Abstract #1112. [7] Pugacheva S. 
G., Shevchenko V. V. (2003) LPS XXXI, Abstract 
#1112. 
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SIDEROPHILE ELEMENTS IN THE MOON: METAL-SILICATE PARTITIONING AND 
IMPLICATIONS  FOR LUNAR CORE FORMATION.  N. Rai and W. van Westrenen, Faculty of Earth and 
Life Sciences, VU University Amsterdam, The Netherlands (n.rai@vu.nl). 

 
 
Introduction:  The popular paradigm for the 

formation of the Earth-Moon system considers the 
Moon to be a byproduct of a giant impact between a 
Mars-sized planetesimal and the proto-Earth. Mate-
rial ejected from this massive collision and mainly 
originating from the impactor, accreted in orbit 
around the Earth to form the Moon. This high-energy 
process resulting  in extensive melting on the Earth 
and Moon, would have lead to planetary-scale dif-
ferentiation on the young Moon. As on Earth, such 
differentiation could have led to the formation of a 
metallic core on the Moon. Most models for the inte-
rior of the Moon include a relatively small iron-rich 
core, having a radius between 200 and 450 km [1,2]. 
A recent study [3] based on the reanalysis of Apollo 
lunar seismograms using advanced array-processing 
methods to search for the presence of reflected and 
converted seismic energy from the core, suggests the 
presence of a solid inner and fluid outer core, over-
lain by a partially molten silicate layer in the lower 
mantle. The precise composition, formation condi-
tions, and thermal evolution through time of the lu-
nar core are not well constrained at present. 

Core-mantle differentiation in planetary bodies 
leads to majority of the siderophile elements being 
strongly partitioned into the iron-rich metallic core. 
Since the degree of extraction of these elements into 
metallic phases is governed according to their metal/ 
silicate partition coefficients (D) and the pressure-
temperature-composition conditions during core 
formation, abundances of these elements in the sili-
cate Moon can in principle be used to constrain lunar 
core formation conditions and composition [2,4,5]. 
Here we re-examine whether a consistent set of lunar 
core formation conditions can be obtained to match 
observed siderophile element depletions in the sili-
cate Moon based on recent improvements in our un-
derstanding of siderophile element partitioning. 

Approach:  Estimates of siderophile element 
abundances in the lunar mantle have previously been 
used to argue for the presence of a small metallic 
core (0.1-5.5 wt%) [2,4,5], but recent improved ap-
proaches developed to constrain terrestrial core for-
mation models (including better thermodynamic 
models and the ability to model changing conditions 
through time) have not been applied to the Moon to 
date. Figure 1 shows observed levels of bulk lunar 
silicate depletion for siderophile elements, based on 
values from [5,6,7]. We combine recently published 
metal-silicate partitioning data for Ni, Co, Cr, Mn, 
Ga, P, Pb, W and V with literature data [8-19] and 
characterize the dependence of the partition coeffi- 
cients(D) on temperature, pressure, oxygen fugacity 

 
Figure 1. Estimated siderophile element depletion in 
the lunar mantle,based on refs. [5,6,7]. 
 
and silicate melt structure and composition to derive 
equations of the following form: 
 
logD = α + β(∆IW) + δ(1/T) + ε(P/T) + χ(nbo/t) (1)      
 
 Trace elements in metal alloys are known to 
strongly interact with major components such as Fe, 
Si, C and S, causing metal-silicate partitioning ex-
periments performed under different compositional 
conditions to produce scattered results. Using a 
thermodynamic approach [13], all metal-silicate par-
titioning data used in this modelling work were cor-
rected to a common reference point which is the ef-
fective value for a trace component mixing in pure 
metallic element in the liquid state. All partitioning 
data was parameterized according to Equation (1). 
For each element, only statistically valid regression 
coefficients were considered to model the conditions 
of lunar core formation Our parametrizations are 
based on partitioning data obtained at pressures be-
tween 1 atm and 6 GPa, covering the range of pres-
sures in the Moon. There is a hot and ongoing debate 
about the question whether metal-silicate partition 
coefficients show different behaviour at low pressure 
(< 5 GPa) compared to pressures above 5 GPa [20-
22].  By using data obtained at pressures that are 
relevant to the Moon only (P < 6 GPa) our results 
will be directly applicable to the Moon regardless of 
the final outcome of this debate. Using these parame-
terizations and the proposed bulk Moon composition 
of [4], we model core formation in the Moon.  

Results:  Pressure-temperature solution domains 
that would produce metal-silicate partition coeffi-
cients required to match the observed depletion of 
these elements in the lunar mantle were calculated 
for each element at changing conditions of oxygen 
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fugacity according to the following relation derived 
from Equation (1): 
 
P = (T/ε)*[logD-α -β(∆IW) - χ(nbo/t) - δ(1/T)]    (2)        
 
Figure 2 shows the resulting overlap in P-T solution 
space for Ni, Co W, P, and Mo in the pressure range 
of 3.5 - 4 GPa and temperature between 2100-2200 
K at IW-1.5 and nbo/t =2.8, assuming a pure Fe core. 

However, under these conditions, we did not find 

any overlap between the solution spaces of the weak-
ly siderophile elements V and Cr with those for Ni, 
Co, W, P and Mo. Both V and Cr show lithophile 
behavior at these oxidation conditions (Figure 3). At 
the more reducing conditions where V and Cr be-
come siderophile enough to account for their ob-
served mantle depletion, other elements such as Ni, 
Co, W, P and Mo become much more depleted than 
observed. 

Discussion: Preliminary results suggest that 
when using the proposed bulk Moon composition of 
[4] and siderophile element abundances from [5,6,7], 
metal-silicate partitioning data for Ni, Co, W, P and 
Mo are consistent with the Moon possessing a small 
pure iron metallic core, with metal-silicate equilibra-
tion pressures close to the pressure at the current 
core-mantle boundary. As the pressure of equilibra-
tion obtained from analyses like these is generally 
taken as the approximate pressure at the bottom of a 
silicate magma ocean, this result would suggest the 
Moon was fully molten at the time of core formation.   
     Outlook: Geophysical models of the Moon [3, 
24] support the presence of up to 6 weight% of a 
lighter alloying element such as sulphur in the lunar 
core and recent analyses of lunar melt inclusions 
[23] indicate that realistic lunar interior evolution 
models should also consider the constraints imposed 

 
Figure 3: Solid symbols show the estimated element 
depletion in the lunar mantle. Depletion in Ni, Co, 
W, P and Mo can be accounted for by metal-silicate 
equilibration at P~4 GPa, T~2200 K, ΔIW~-1.5 and 
nbo/t = 2.8.  Under these conditions V and Cr re-
main lithophile (open symbols). 
 
by the presence of H2O. Future work will include 
incorporation of the effects of light elements in the 
metal and the presence of water in the silicate on our 
results. 
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Figure 2: Overlap in the solution spaces for Ni, Co, 
W, P and Mo in the pressure range 3.5 - 4 GPa and 
between 2100-2200 K at IW-1.5 and nbo/t =2.8, 
assuming pure Fe metal. 
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PHOTOGEOLOGICAL STUDY OF CENTRAL UPLIFTS IN SOME LUNAR IMPACT CRATERS.   
D. Rommel1 and C. Koeberl1,2, 1Department of Lithospheric Research, University of Vienna, Althanstrasse 14, 1090 Vienna, 
Austria; 2Natural History Museum, Burgring 7, 1010 Vienna, Austria (e-mail: daniela.rommel@univie.ac.at, chris-
tian.koeberl@univie.ac.at). 

 
Introduction: The exact mechanism of the for-

mation of central uplifts in impact structures is still 
debated. On the one hand, exposed terrestrial craters 
are mostly eroded, covered, or buried, which makes 
them difficult to reach for detailed studies; on the 
other hand, a large number of craters on other plane-
tary bodies are well preserved, but again difficult to 
investigate in detail. Nevertheless, terrestrial craters 
have been studied, e.g., through international large 
scale drilling projects. Such work included, for ex-
ample, investigations of the physical properties of the 
rocks, and the determination of shock attenuation in 
the central uplift by combining petrographic studies 
with numerical modeling. Work on the Bosumtwi 
impact crater, Ghana, has shown that brittle deforma-
tion played an important role in the formation of the 
central uplift in such a medium-sized impact struc-
ture [1, 2]. Extraterrestrial impact craters can be stu-
died by, for example, high resolution camera systems 
or spectrometers for structural, thermophysical, or 
mineralogical studies. It is difficult to compare de-
tailed terrestrial field work, and laboratory studies, 
with remote sensing investigations on other planets.  

The aim of this work is to use photogeological 
studies to search for signs of similar brittle deforma-
tion in central uplifts of craters on the Moon. This 
was done by searching for evidence of coherent 
blocks, possibly in the form of distinct layering, in 
central peaks. An indication would be if there is a 
common dip direction in layered and tilted deposits 
in these central uplifts. We have results for four cra-
ters, with a diameter of 40-100 km and a central peak 
of 10-20 km diameter, with some first observations 
six more craters to obtain preliminaryinterpretations. 

Uplift Formation: Many parameters, such as li-
thology, temperature, density, and other solid/elastic 
properties influence the extent, shape, and size of a 
central uplift, as well as shock levels attained in the 
rock. In complex impact structures, the original posi-
tion and distribution of shocked rocks is typically 
modified when the rebound of the crater floor leads 
to the formation of a central uplift. Thus two 
processes act during the modification stage: down-
ward-directed gravitational collapse of the inner rim 
and uplift of the transient crater floor. The initially 
steep walls of the transient crater collapsed under 
gravitational forces, forming characteristic terraces. 

Concerning the development of the central uplift, 
the formation is thought to occur by displacements 
along faults as a brittle component in the case of 
moderately sized impact structures, whereas in the 
case of larger impact structures central uplifts in-
volve fluidization and/or large differential move-

ments of target blocks. To see if similar processes 
can be detected in lunar craters, we performed some 
initial photogeological analysis to search for layering 
or bedding in central peak formations. 

Methods; Theophilus Crater: For detailed pho-
togeological analysis we used high resolution photo-
grapic images from the Narrow Angle Camera 
(NAC) of the Lunar Reconnaissance Orbiter space-
craft. The processing of the individual orbital stripes 
was carried out by using the Integrated System for 
Imagers and Spectrometers (ISIS), a specialized im-
age processing package from the U.S. Geological 
Survey. The resolution for some of the images is  up 
to 0.4 m/px and is used here for our interpretations 
and conclusions. 

 

 
Fig. 1a. LROC WAC image M119679316ME of the 
central peak of the crater Theophilus (lat. -11.4, lon. 
26.2). The boxes shows the close-up views of the 
research areas discussed in Figures b, c, d and e. 

 
One of the craters studied here is the complex 

impact structure Theophilus, located (-11.4°S, 
26.4°E) north-west of Nectaris, with a diameter of 
~100 km, with a central peak extent of 15-20 km, 
and ~1.5 km in height (Fig. 1a), and an Eratosthenian 
age [3]. Initial investigations of Theophilus date back 
to the early 19th century, and later observations with 
the 40-inch Yerkes refractor were used to analyze its 
structural layout and composition. It was even post-
ulated that the central peaks were covered in snow 
and ice [4, 5]. Recent studies include high spatial and 
spectral resolution data from the Moon Mineralogy 
Mapper (M3) instrument onboard the Indian Chan-
drayan-1 spacecraft and indicate that the main lithol-
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ogies are dominated by anorthosite, but that on top of 
most of the central peaks there are some outcrops of 
a rock rich in low-Fe / Mg-spinel [6]. 

Results: In our photogeological investigations 
we found several different locations where rock 
packages of 10 to 50 m thickness seem to crop out 
(and are not entirely covered by regolith), and for 
those we attempted to measured strike and dip. Their 
average dip direction is in the range of ~145-200° 
SW-NE/SO-NW (Fig. 1b, c, d and e). Also, we ob-
served almost vertically dipping rock packages (Fig. 
1b, the red ? symbol), with the same orientation of 
SW-NE, suggesting a general steep collapse of the 
blocks that constitute the central uplifts. 

Interpretations: The presence of visible com-
pact blocks preserving layers is considered in this 
work as evidence that during of the impact process 
the target, at least at the depth from which the central 
uplift material came from, was not completely flui-
dized or melted. A model of acoustic fluidization, 
which has been advocated for central uplift forma-
tion, would not be expected to result in such large-
scale blocks as those that were observed. Naturally it 
is difficult to generalize from just one crater; thus we 
will try to find similar outcrops at other central peaks 
of lunar craters. 

Conclusion: On the central peak of Theophilus 
we noted evidence for layering in large blocks. Lunar 
craters have a rather simple target lithology; at terre-
strial craters, this can be much more complicated, 
and the presence of water also will cause a difference 
in the melting and deformation processes in that it 
will be more difficult to preserve blocks as large as 
those seen at Theophilus. 
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Fig. 1b. Blocky uplift, red symbol indicates dipdirection, 
red ? may indicate a vertical dip (LROC NAC image 
M116140939). 
 

 
Fig. 1c. Black arrows indicate solid blocks with layering, 
partially exposed, partially covered by debris flows of 
regolith or impact-melt. Previous studies suggest the pres-
ence of Mg-spinel/plagioclase on top of the peaks [6] 
(LROC NAC image M116140939).  
 

 
Fig. 1d. Partially exposed solid blocks, partly covered by 
debris flows of regolith or impact-melt. Red symbol indi-
cates dipdirection (LROC NAC image M152702349). 
 

 
Fig. 1e. Brittle blocks, close to a small impact crater. Red 
symbol indicates dipdirection (LROC NAC image 
M168035080). 
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Introduction: Mineral phase identification com-

bined with chemical composition using Raman and 
LIBS spectroscopic techniques respectively consti-
tutes a very powerful tool for surface analysis on 
Earth and in planetary exploration. Used at stand-
off distances these techniques show particular ad-
vantages when placed on rovers or landers com-
pared with contact techniques because they simplify 
the operation mode and allow to reach targets usual-
ly unreachable to the robotic arms.  

In this paper a prototype of combined Raman-
LIBS instrument is presented and the surface 
science capable to be performed at the Moon is 
stressed on the basis of the results obtained in labor-
atory and field conditions in representative Lunar-
like mineral samples. In order to be consistent with 
the potential operation mode of the Lunar Lander 
for the nex ESA mission to the Moon, these spectra 
were performed in contact mode using the Raman 
part and in remote mode up to 15 meters using both 
the Raman and LIBS techniques coupled to a small 
telescope. The instrument used is basically the Ra-
man instrument under development for ExoMars 
mission with some modifications.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Raman and LIBS spectra of basalt and calcite  
obtained at 15 meters distance. From Raman the olivine 
mineral phase is shown. 

 
 
Figure 2. Raman spectrum of a basalt sample taken in 
contact mode using the Raman instrument for Exomars. 
The Raman optical head is attached to a robotic arm and 
spectra are obtained in automatic mode without any sam-
ple preparation.  
 
Conclusions  
 

The results obtained show that the combined in-
strument is a powerful tool for supplying detailed 
mineralogical and geochemical information of sam-
ple surfaces at the sub-millimetre scale in the range 
from contact to 20 meters and in consequence con-
stitutes a potential candidate for enabling future 
exploration of the Moon surface. These results also 
show that mineral identification is very precise us-
ing Raman in contact mode while surface geochemi-
stry is quite well adapted to the remote LIBS opera-
tion.  
 
 

Olivine Calcite 

Raman 

LIBS 

92



SEARCHING FOR WATER ICE PERMAFROST: LEND RESULTS FROM LRO.  A. B. Sanin, I. G. 
Mitrofanov, M. L. Litvak and A. V. Malakhov, Space Research Institute, Profsoyuznaya street 84/32, Moscow, 
Russia, 117997, sanin@mx.iki.rssi.ru. 

 
 
Introduction:  We use data gathered by the Lu-

nar Exploration Neutron Detector (LEND) collimat-
ed sensors during more than one year of the mapping 
phase of NASA’s Lunar Reconnaissance Orbiter 
(LRO) mission to make estimations of the epithermal 
neutron flux from the lunar circumpolar regions. 
Results of testing for water ice permafrost in Perma-
nently Shadowed Regions and in sunlit areas will be 
presented. 
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Introduction:  MIMOS IIa is a combined Möss-

bauer and X-ray Fluorescence (XRF) spectrometer, 
which enables the simultaneous characteriazation of 
Fe-bearing mineralogy, Fe oxidation states and chemi-
cal composition of lunar dust and regolith [1,2]. We 
proposed this instrument in response to the Request for 
Information for ESA’s First Lunar Lander in 2009. The 
subsequently defined model payload for the phase B1 
study included an X-ray spectrometer to determine the 
elemental composition of lunar dust and the chemistry 
of potential resources. Here we will briefly describe 
the instrument and show how MIMOS IIa will meet 
and exceed those requirements. 

Instrument Description:  MIMOS IIa is an ad-
vanced version of the highly successful Mars Explora-
tion Rover (MER) Mössbauer spectrometers [3]. It 
consists of (i) a sensorhead (Fig. 1) housing the Möss-
bauer drive, the detector system and amplifiers, and the 
radition source, and (ii) an electronics board holding 
the data acquisition and instrument control unit (CPU 
+ FPGA), voltage converters, and electrical and data 
interfaces to the spacecraft. 

Dimensions, mass, power consumption, data rate. 
The sensorhead has a volume of 50 × 53.5 × 94 mm³, 
the electronics board of 100 × 160 × 20 mm³. The 
whole system including connecting cables weighs less 
than 500 g. Power consumption is 4 W during data 
acquisition and can be turned off completely if the 
instrument is not in operation. Data product size per 
analysis is 512 kBytes (4 Mbit). 

Detector system and analysis time. One weakness 
of the MER instruments was the long data acquisition 
time of 8 hrs with a fresh radiation source and mutli-
ples thereof upon its decay [4]. MIMOS IIa uses Si 
Drift Detectors (SDDs) [5] instead of Si PIN diodes. 
Their better energy resolution leads to an improved 
signal-to-noise ratio and effectively reduces the re-
quired measurement time by an order of magnitude. 
Furthermore, they allow high resolution XRF spectros-
copy down to ~1 keV, i.e. detection of elements with Z 
> Na, in parallel to Mössbauer measurements. 

Radiation source. The decay of the radioactive iso-
tope 57Co in Rh matrix source provides the 14.4 keV γ-
rays used for Mössbauer spectroscopy, and 122 keV 

and 136 keV γ-rays as well as 6.4 keV Fe and 20.1 
keV  

 

 
Figure 1. MIMOS IIa sensorhead with one of four 
SDD elements installed and detector amplification 

electronics exposed. 
 
Rh Kα X-rays. It is therefore also an effecvtive excita-
tion source for XRF spextroscopy. Compared to X-ray 
tubes used in commercial handheld XRF spectrome-
ters, the radioactive isotope has the advantage of zero 
power consumption. The halflife of 57Co is 270 days 
which is comparable to the complete projected mission 
time of ESA’s First Lunar Lander (17-29 days transfer 
time plus 6-8 months surface operations). For compari-
son, only the transfer time to Mars is on the order of 
one source halflife, and MER Opportunity is still oper-
ating 8 years (or ~11 haflifes) after landing.  

Flight heritage and Technology Readiness Level. 
MIMOS IIa combines the flight heritage of the minia-
turized Mössbauer Spectrometer MIMOS II (e.g. MER 
[3], Beagle 2 [6], Phobos-Grunt [7]) and the experi-
ence with SDDs to obtain XRF spectra with the Alpha 
Particle X-ray spectrometer (APXS; e.g. MER [8], 
Rosetta [9]). In 2008, a copy of the MER Mössbauer 
spectrometers was used as process monitor and pro-
specting tool in a NASA-led field test on Mauna Kea, 
Hawaii, to test in situ resource utilization (ISRU) 
hardware concepts for oxygen production from lunar 
regolith [10]. A prototype MIMOS IIa was used in a 
similar ISRU field test on Maun Kea in 2010 [11,12]. 
MIMOS IIa has been assessed as TRL 5 following 
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ESA’s ExoMars Payload Design Review in November 
2008. 

Analysis of Lunar Dust, Regolith and Potential 
Resources:  Knowledge of the chemical and miner-
alogical composition is fundamental for understanding 
the properties of lunar dust, regolith and potential re-
sources. MIMOS IIa can quantitatively determine the 
composition for elements with Z > Na, identify Fe-
bearing mineral phases and quantify the distribution of 
Fe between the mineral phases. It provides comple-
mentary information to other mineralogical techniques 
such as X-ray diffraction and Raman-LIBS, e.g. the 
quantification of Fe oxidation states or information on 
nanocrystalline and amorphous material, such as 
nanophase Fe(0) particles and glass. 

Characterisation of lunar dust and regolith. The 
information provided by MIMOS IIa allows to differ-
entiate between the major consitutuents of the lunar 
surface - i.e. maria, highlands or KREEP material - and 
to distinguishit between volcanic-ash regolith and im-
pact-derived regolith [13].  

The Fe(0) content of surface fines is a measure of 
maturity, i.e. exposure time [13]. Measurement of the 
Fe(0) content of freshly exposed fines at the beginning 
and end of the Lunar Lander mission can help to con-
strain micrometeoroid flux at the landing site. 

To understand the possible electrostatic mobiliza-
tion of lunar dust, it is important to know the dielectric 
properties of its mineral constituents, for example by 
determining the abundance of insulating glass versus 
conductive Fe metal. 

In Situ Resource Utilisation. Oxygen can be ex-
tracted from lunar regolith, whereby the yield is direct-
ly proportional to FeO content [14,15]. FeO is reduced 
by hydrogen to form Fe metal and water. The hydro-
gen source may be residual hydrogen in the tanks of a 
lunar lander. The water can be split electrochemically 
into oxygen and hydrogen. While the oxygen is con-
sumed, the hydrogen is fed back into the reaction. Sev-
eral such hardware concepts were evaluated during two 
field tests on Mauna Kea, Hawaii, in 2008 [10] and 
2010 [11,12]. MIMOS IIa worked successfully as both 
a process monitor and a prospecting tool. As process 
monitor, Fe oxidation states were determined before 
and after reductive treatment, and oxygen yield was 
calculated. As prospecting tool MIMOS IIa was 
mounted on a feedstock collecting rover. Feedstock 
would be selected for high FeO content and analysed 
for mineral content. The latter determines the optimum 
temperature during reduction: Ilmenite is reduced at 
900°C, olivine at 1000°C and all other FeO-bearing 
phases at 1100°C. 

 
Figure 2. MIMOS IIa prototype installed as prospect-
ing tool on the NORCAT rover during the 2010 lunar 

ISRU field test on Mauna kea, Hawaii [11]. 
 

Summary:  MIMOS IIa is a combined Mössbauer 
and XRF spectrometer within the volume, mass, power 
and data volume constraints of a single instrument. It 
provides chemical and mineralogical information fun-
damental for the understanding of the properties and 
behavior of lunar dust, regolith and potential resources. 
It is derived from separate precursor instruments, each 
with extensive flight heritage. It has a certified TRL ≥ 
5. A prototype has been successfully implemented in 
lunar ISRU field test campaigns. 
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Abstract:  The present article provides a sum-

mary and assessment of the various techniques that 
have been, and still are, considered for the extraction 
of oxygen from lunar source materials. Classical 
approaches are based on chemical reduction with 
hydrogen and methane, vapour phase pyrolysis or 
aqueous acid treatment. While all these methods 
have been demonstrated successfully in the laborato-
ry, they also exhibit major drawbacks. A particular 
issue is that these methods only provide high yields 
of oxygen when the feedstock is rich in iron oxide. 
Another classical approach is based on the electroly-
sis of molten regolith. This does not require a specif-
ic feedstock, but the operating temperature is very 
high and there are a number of processing issues. 

The main emphasis of this article is on a novel 
electro-deoxidation process that has been derived 
from the FFC-Cambridge process for the direct mol-
ten salt electrolytic conversion of metal oxides into 
the corresponding metals and alloys [1]. This method 
relies on the electrolysis of lunar materials such as 
ilmenite or regolith in the solid state in such a way 
that the oxygen from the oxide cathode is extracted 
in its ionic form, transported through the molten salt 
electrolyte, and then liberated in its molecular form 
at a suitable anode. The method has been validated 
in the laboratory, and has the additional advantage 
that a metal product is generated concurrently with 
the oxygen. In order for this to become possible, it 
was necessary to identify a material that may be used 
long-term as an oxygen-evolving anode in the mol-
ten salt. This is a key advance that is also of im-
mense importance to the successful industrialisation 
of the FFC process for terrestrial applications [2]. 
Future targets are to develop the process such that 
the use of a powder oxide precursor becomes possi-
ble, so the cumbersome preparation of sintered oxide 
bodies is avoided, and a liquid cathode is formed in-
situ, so the continuous winning of the metal product 
is achieved. 

The recent discovery of water ice on the moon is 
highlighted but it is also pointed out that the mining, 
melting and electrolysis of the water ice would face 
tremendous challenges owing to its most inconven-
ient location in extremely cold and permanently 
shadowed lunar areas. The notion therefore is that 
the research on, and the development of, alternative 
ISRU processes for the extraction of oxygen from 
lunar materials continues to be an area of major rele-
vance. 

 
 

Figure 1. Schematic of the molten salt electro-
deoxidation cell for the winning of oxygen and metal 
from lunar materials. 
 
 

 
 

Figure 2. Laboratory rig for the electro-deoxidation 
of lunar materials. 
 
 

 
 

Figure 3. Data recorded during a typical electro-
deoxidation experiment of lunar materials. 
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On September 13, 2007 Google and X PRIZE 

Foundation announced Google Lunar X PRIZE 
(GLXP). The winner of the GLXP will be the team 
whose mobile robot (rover) will make a successful 
landing on the Moon, pass at least 500 meters and 
transmit high definition video and images to Earth. 

The only Russian participant of the competition is 
Selenokhod. The project began in late 2008. Prelimi-
nary design of the rover has been done and received 
positive reviews from Space Research Institute of Rus-
sian Academy of Sciences. Creation of a test article for 
movement tests is in progress. First movement tests 
will start in the beginning of July.  

The platform of a mini-rover being developed by 
Selenokhod is perfectly suitable for deployment from 
landing scientific lunar missions, like Russian Luna-
Glob Lunar lander mission. A mini-rover could serve 
as an auxiliary instrument used to create a “long base” 
for some of the core scientific instruments of the 
lander. Reconnaissance and gathering regolith samples 
can be other options. 

Selenokhod rover is intended to be a platform for 
various scientific instruments. The presentation will 
focus on some of the key technical requirements to be 
met to create a fully operational mini-rover for real-
world lunar missions.  

Selenokhod is considering options of deploying a 
mission on the Moon with Russian scientific communi-
ty. This work is planned to be completed by Novem-
ber, 2012. 
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 Lunar Dust Lifting Experiment (LDLE) for the ESA Lunar Lander:  
  NASA/GRC-rover campaign in desert of Nevada 
 

E. Seran1, M. Godefroy1,  
N. Renno2, T. Kremic3, P.-Y. Meslin4 

   
 
 1 LATMOS, 4 IRAP, France 
 2 SPRL, 3 NASA GRC, US  
 
 
In the framework of developing electric field instruments for the LDLE package we propose 
to organise a campaign of observations in desert of Nevada using a NASA/GRC rover. This 
campaign will address some critical issues which are encountered in the operations of electric 
field instruments on the deck of a planetary probe. The main objectives of this campaign are:  
- Accommodation tests of electric field instruments on the rover; 
- Estimations of the electric perturbations induced by the rover with different electrical 
grounding conditions; 
- Estimations of electric perturbations generated by solar panels, conducting surfaces, masts, 
etc. 
- Tests of the "space" versions of the electric field instruments and their masts; 
- Comparison of electric field measurements onboard the rover with "static" measurements in 
different conditions of dust activity. 
This campaign will provide us with a solid knowledge of the performances of our LDLE 
package. It shall also validate the design of electric field instruments, their supports and 
implementation. 
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DEVELOPMENT OF THE BIGGEST AND THE LEAST TERRESTRIAL PLANETS: EVIDENCE 
FROM COMPARATIVE STUDY OF THE EARTH AND THE  MOON. E. V. Sharkov, IGEM RAS, 
Staromonetny per., 35, Moscow 119017, Russia; e-mail: sharkov@igem.ru 
 
Introduction:  Like all terrestrial planets, Earth and 
Moon have close inner structure (consist of iron 
cores and silicate envelopes) and developed at the 
close scenario [1 and references herein]. Geological 
processes on the both planetary bodies became after 
solidification of their global magmatic oceans which 
occurred from bottom to top and resulted in appear-
ance the primordial sialic crust on the Earth and an-
orthositic - on the Moon. 
Evolution of the Earth: The further tectonomag-
matic development of the Earth began from erup-
tions of  high-Mg magmas, derived from depleted 
mantle sources; such magmas predominated in Ar-
chean (komatiite-basaltic series) and especially in 
the early Paleoproterozoic (2.5-2.35 Ga), when 
magmas of the siliceous high-Mg series (SHMS) 
were common. At the range c. 2.35-2.0 Ga high-Mg 
magmas in the global scale were gradually replaced 
by geochemical-enriched magmas (Fe-Ti picrites and 
basalts of OIB type), common for  Phanerozoic with-
in-plate settings. At ~2.0 Ga it was followed by irre-
versible transition of the Early Precambrian plume-
tectonics to modern plate tectonics which was ac-
companied by appearance of zones of oceanic 
spreading with thin newly-formed basaltic crust. 
Ancient sialic crust became to involve in descending 
flows in subduction zones and “buried” in the deep 
mantle be incorporated in “slab cementeries”, re-
vealed by seismic tomography [3]. 
 Evolution of the Moon: Magmatic activity on the 
Moon began c. 4.4-4.35 Ga from the magnesian 
suite, which was rather close to the terrestrial SHMS 
on its geochemistry and isotopy [2]. Such activity 
lasted till ~4.2 Ga and via “alkaline” series (KREEP) 
was gradually changed by basaltic volcanism of 
newly-formed large maria depressions with thinned 
crust, appeared at 3.9-3.8 Ga. Such volcanism (in-
cluding low- and high-Ti varieties, close in essence 
to terrestrial plume-related magmatism) lasted till ~3 
Ga [4]. So, evolution of the Moon’s tectonomagmat-
ic processes was rather similar to the terrestrial one 
in the Paleoproterozoic. Such closeness evidently 
suggests that maria were not  a result of heavy bom-
bardment and very likely appeared above extended 
plume heads [1]. So, the Moon, as compared to the 
Earth, evolved more quick and by shorter scenario: 
there are no here granite-greenstone terranes and 
only tectonomagmatic processes, typical for the ter-
restrial early and middle Paleoproterozoic, occurred 
here. Maria with their powerful basaltic volcanism 
and thinned crust remind of terrestrial oceans; the 
latter also has begun as a result of plume activity 
how example of the Red Sea evidences. 
Discussion and conclusions. The main feature of 
evolution of the Earth and the Moon is existence of 
irreversible change in geological and petrological 

processes at the middle stages their development. 
Their second stages were characterized by appear-
ance of mantle derived magmas enriched in Fe, Ti, 
Nb, Ta and other incompatible elements in contrast 
to depleted magmas of the first stage. From this fol-
lows that such material was preserved in the deepest 
parts of the planetary bodies and was involved in 
tectonomagmatic processes only after long periods.  
We suggest that such situation could be possible 
only the case when the bodies initially had heteroge-
neous structure and heated inward, while their outer 
shells cooled. Only such model can explain the fact 
that the primordial core material was conserved for 
about 2 b.y. into the Earth and ~0.4 b.y. into the 
Moon and only later was involved in tectonomag-
matic processes. The fact that the magnetic field 
strength of the Earth and Moon attained a maximum 
at the crucial boundaries (~2.35 Ga and 3.9 Ga, re-
spectively) [5,6] suggests that their cores had com-
pletely melted by that time which finally resulted in 
reorganization of their endogenic activity. The  dif-
ferences in evolution of tectonic and magmatic pro-
cesses on the Earth and the Moon are probably relat-
ed to different size of these planetary bodies. 
Thus, the Earth and the Moon were developed at the 
same scenario, but more rapid and short-cut in case 
of the Moon, where situation evolved close to pro-
cesses in the terrestrial Paleoproterozoic. Both plane-
tary bodies experience irreversible change of tec-
tonomagmatic processes at middle stages of their 
existence. The same transition suffered Venus and 
Mars, where ancient thick (“continental”?) crust, 
survived on uplifted terras, were replaced in consid-
erable degree by secondary basaltic crust of vast 
young lowland plains. So, practically all terrestrial 
planets likely evolved as independent bodied by 
analogous way; situation on Mercury is not clear yet. 
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�
Introduction:� � ,Q�UHFHQW�\HDUV�REVHUYDWLRQDO� VWXGLHV�
RI� WKH� PRRQ� XVLQJ� RUELWDO� VSDFHFUDIW� DQG�
LQYHVWLJDWLRQV� FDUULHG� RXW�RQ� UHWXUQHG� VDPSOHV� KDYH�
LQIHUUHG� WKH� SUHVHQFH� RI� D� VLJQLILFDQW� UHVHUYRLU� RI�
YRODWLOH� FRPSRXQGV�� SDUWLFXODUO\� ZDWHU�� � ,W� VHHPV�
YHU\� OLNHO\� WKDW� WKHVH� YRODWLOH� FRPSRXQGV� ZLOO� EH�
FRQFHQWUDWHG�DW�WKH�SROHV�DQG�RWKHU�ORFDWLRQV��VXFK�DV�
DW� GHSWK�� ZKHUH� ORZ� WHPSHUDWXUHV� H[LVW� WR� SURYLGH�
FU\RJHQLF� WUDSV�� � � +RZHYHU�� WKH� IXOO� LQYHQWRU\� RI�
WKHVH� VSHFLHV�� WKHLU� FRQFHQWUDWLRQ� DQG� WKHLU� VRXUFHV�
DUH� XQNQRZQ�� � 2I� SDUWLFXODU� LQWHUHVW� LV� ZKHWKHU�� RU�
QRW��WKH�DEXQGDQFHV�DUH�VXIILFLHQW�WR�DOORZ�H[WUDFWLRQ�
DQG� UHFRYHU\� DV� FRQVXPDEOHV� IRU� ,658� �,Q� 6LWX�
5HVRXUFH� 8WLOLVDWLRQ�� IRU� XVH� LQ� WKH� ORQJ� WHUP�
H[SORUDWLRQ� RI� ERWK� WKH�0RRQ� LWVHOI� DQG� IXUWKHU� RXW�
LQWR�WKH�VRODU�V\VWHP��
�
Scientific aims:� �7R�DGGUHVV�VRPH�RI�WKHVH� LVVXHV�D�
ODQGHU�SODWIRUP�ZLWK�D�YRODWLOH�DQDO\VLV�LQVWUXPHQW�LV�
UHTXLUHG� WKDW� LV� VSHFLILFDOO\� GHVLJQHG� IRU�
LGHQWLILFDWLRQ� DQG� TXDQWLILFDWLRQ� RI� YRODWLOHV�� � 7KH�
/XQDU�9RODWLOH�5HVRXUFHV�$QDO\VLV�3DFNDJH�LV�SDUW�RI�
WKH� SURYLVLRQDO� SD\ORDG� IRU� WKH� (6$� (XURSHDQ�
/DQGHU� >�@� DQG� DLPV� WR� PHDVXUH� WKH� FKHPLFDO�
DEXQGDQFH�� FKHPLFDO� DQG� LVRWRSLF� FRPSRVLWLRQ� RI�
YRODWLOHV� IURP� UHJROLWK� VDPSOHV� DQG� WKH� OXQDU�
H[RVSKHUH� >�@�� � ,W� LV� LPSRUWDQW� WR� XQGHUVWDQG�� DQG�
OLPLW�ZKHUH� SRVVLEOH� WKH� FRQWDPLQDWLRQ� RI� WKH� OXQDU�
VXUIDFH� E\� H[WHUQDO� YRODWLOHV� LQ� RUGHU� WKDW�
PHDVXUHPHQWV� DUH� VFLHQWLILFDOO\� PHDQLQJIXO�� � $�
ODQGLQJ�VHTXHQFH�ZLOO�FRQWDPLQDWH�WKH�ORFDOLW\�RI�WKH�
ODQGHU� ZLWK� URFNHW� SURSHOODQW� E\�SURGXFWV���
7KHUHIRUH�� WR� DOORZ� PHDQLQJIXO� VFLHQWLILF� UHWXUQ�
FDUHIXO�FRQVLGHUDWLRQV�PXVW�EH�JLYHQ�WR�WKH�VDPSOLQJ�
FDPSDLJQ��L�H��VDPSOLQJ�IURP�EHORZ�RU�RXWVLGH�RI�WKH�
FRQWDPLQDWLRQ�]RQH��7R�WKLV�HQG��LW�LV�FRQVLGHUHG�WKDW�
WKH�XVH�RI�D� VXE�VXUIDFH�SHQHWUDWLQJ�PROH�RIIHUV� WKH�
SRVVLELOLW\� RI� DFFHVVLQJ� PDWHULDO� IURP� ZLWKLQ� WKH�
FRQWDPLQDWLRQ�OD\HU�DQG�WKHQ�DW�LQFUHDVLQJ�GHSWK�LQWR�
SULVWLQH�VXE�VXUIDFH�PDWHULDO��
�
Instrument concept:��:H�DUH�FXUUHQWO\�VWXG\LQJ�WKH�
GHVLJQ� RI� D� YRODWLOH� DQDO\VLV� LQVWUXPHQW� DQG� LWV�
DVVRFLDWHG� GHOLYHU\� V\VWHP� WKDW� RIIHUV� WKH�
RSSRUWXQLW\� RI� DFFHVVLQJ� PDWHULDO� RXWVLGH� RI� WKH�
UHDFK� RI� FRQYHQWLRQDO� VDPSOLQJ� DUPV�� � 7KH� GHVLJQ�
XVHV� WKH� KHULWDJH� JDLQHG� IURP� WKH� 3WROHP\� 0DVV�
6SHFWURPHWHU� >�@� DQG� WKH� %HDJOH� �� VXE�VXUIDFH�
SHQHWUDWLQJ� PROH� GHYLFH� >�@�� � 7KH� SXUSRVH� RI� WKH�
VWXG\� LV� WR� SURGXFH� D� SURWRW\SH� LQWHJUDWHG� SDFNDJH�
FRQVLVWLQJ� RI� D� PROH� GHSOR\PHQW� GHYLFH� DQG� DQ�
LQWHJUDWHG� PDVV� VSHFWURPHWHU� LQVWUXPHQW� WR� HQDEOH�
LQ�VLWX� FKDUDFWHUL]DWLRQ� RI� WKH� ZDWHU� DQG� YRODWLOH�
FRQWHQW�RI�WKH�OXQDU�UHJROLWK�DW�LQFUHDVLQJ�GHSWK���7KH�

GHVLJQ� WDNHV� LQWR� FRQVLGHUDWLRQ� WKH� KDUVK� SK\VLFDO�
FRQGLWLRQV� LPSRVHG� RQ� LQVWUXPHQW� SD\ORDG� E\� WKH�
SHQHWUDWLRQ� PHFKDQLVP� DQG� FRQVLVWV� RI� D� PLQLDWXUH�
LRQ�WUDS�PDVV�VSHFWURPHWHU��DQ�LRQ�GHWHFWRU�DQG�D�ORZ�
SRZHU� ILHOG� HIIHFW� LRQ� VRXUFH�� � 7KH� IXOO\� LQWHJUDWHG�
LQVWUXPHQW�ZLOO�PHDVXUH�WKH�DEXQGDQFH�DQG�FKHPLFDO�
FRPSRVLWLRQ�RI�YRODWLOHV�UHOHDVHG�IURP�UHJROLWK�DV�WKH�
PROH� SHQHWUDWRU� LV� GULYHQ� WR� LQFUHDVLQJ� GHSWK�� � $�
&$'� PRGHO� RI� WKH� PDVV� VSHFWURPHWHU� LV� VKRZQ� LQ�
)LJXUH���DQG�LQVWUXPHQW�SDUDPHWHU�DQG�UHVRXUFHV�DUH�
VKRZQ�LQ�7DEOH����

�
Figure 1 CAD model of the integrated mass 
spectrometer housed inside a 32 mm diameter sub-
surface penetrating mole device.  
�
Table 1 The mass spectrometer instrument parameters 
and resources 
Parameter Value 
P�]�UDQJH� �������DPX�
0DVV�UHVROXWLRQ� 8QLW�UHVROXWLRQ��

>�!���DW�P�]�����!����DW�P�]����@�
6L]H� &\OLQGHU�����î����PP��

>U�� ����PP@�
5)�IUHTXHQF\� ����0+]�

>GXULQJ�PDVV�VFDQ@�
3RZHU� ����:�
0DVV� ����J�
  
Summary:� � $Q� LQVWUXPHQWHG� JURXQG� SHQHWUDWLQJ�
PROH�ZLWK�DQ�LQWHJUDWHG�PLQLDWXUH�PDVV�VSHFWURPHWHU�
ZRXOG� KDYH� DSSOLFDWLRQV� IRU� VXE�VXUIDFH� YRODWLOH�
GHWHFWLRQ� DQG� FKDUDFWHUL]DWLRQ� DW� RWKHU� DLUOHVV� VRODU�
V\VWHP� ERGLHV� VXFK� DV� DVWHURLGV�� FRPHWV� DQG�
SODQHWDU\�PRRQV��
 

References�� � >�@�&DUSHQWHU� -�� '�� HW� DO�� �������
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�������/36&�;/,,,��$EVWUDFW��������>�@���0RUVH�$��
'�� HW� DO�� ������� ,Q�� 5RVHWWD�� � (6$¶V� PLVVLRQ� WR� WKH�
RULJLQ� RI� WKH� VRODU� V\VWHP�� ������ ���±����� � >�@�
5LFKWHU�� +�(�� HW� DO�� ������� 3ODQHW�� 6SDFH� 6FL�� ����
���±�����

100



ESTIMATE OF THE LUNAR SURFACE AGE: DISCUSSION AND RESULTS.  A.A.Barenbaum1 and 
M.I.Shpekin2 ,             1- Oil and Gas Research Institute RAS  <azary@mail.ru>  ,      2 - Kazan Federal Univer-
sity  <Michael.Shpekin@ksu.ru> 

 
 
The facts and calculations suggest that the galac-

tic comet nuclei are inevitably disintegrated in the 
atmospheres of Earth and Venus . This raises the 
 powerful hypersonic jet [16], which does not create 
a crater, and the whole enormous kinetic energy of 
the comet is directed to the rocks heating up un-
der the surface. Subsequently, this energy 
is released in different tectonic and volcanic process-
es [17]. Typical manifestations of these process-
es [18] in a "thin"  lithosphere  is  the formation of 
seamounts on Earth, and shield volcanoes on Venus, 
while a powerful layer of the lithosphere - the so 
called phenomenon of  "modern lifts". 

The lift  height was different. On most of the Pa-
cific coast, it was the first hundreds of meters, on the 
Siberian platform 200-1000 m, in South Africa 300-
400 m in the west and 900-1200 m in the east. The 
fastest growth occurred in mountain-
ous terrain. Thus, the Arabian platform increased the 
height of 2 km, the Alps - up to 3 km, and the Hima-
layas - up to 6 km.  The rise of asthenosphere is ob-
served under most of the mountains . The lift leads to 
the uplift of crustal blocks in diameter   ∼  n⋅ (10-
100) km to a height of up to ∼ 1 
km in distance between the elevations greater than 
their diameter on a number of flat sections. In 
some places  the rise of the asthenosphere was ac-
companied by modern intense outpourings of magma 
 [19]. 

Similar processes occur on Mars. Calculations 
show that even 100 times less dense than Earth,  its 
atmo-sphere  leads to two important physical effects. 
On the one hand, it causes severe ablation of the 
galactic nuclei of comets, which reduces 
the diameter of a crater and shifts the distribution in 
Fig. 1, b relative to the Moon. And on the other 
hand, part of the energy goes into heating of 
comets asthenosphere under the southern 
hemisphere of Mars, which explains its 
uplifting at 2-4 km relatively flat and poorly cratered 
northern hemisphere. Huge volcanoes of Mars, with 
clear indexes  of recent activity are probably the 
channels of excess heat from the asthenosphere of 
the planet. 

Volcanic and tectonic processes have occurred on 
the Moon last 5 million years albeit on a smaller 
scale. They continue today. 

Modern volcanotectonic processes on the 
Moon. Evidence of processes such as sloping  "wa-
terlogged" lava craters, craters  broken by faults, etc. 
are marked by many researchers. The very same 
 volcanic activity has been established on the Moon 
 in1958 N.A. Kozyrev [20].  He found a release 
of pulverized volcanic ash and gas in the  Alphon-
sus crater with a diameter of 120 km on the visi-

ble side of the Moon. Spectral  analysis showed 
the presence in the ejection of molecules C2,CN,etc. 
Another,   even more   compelling  example of vol-
canic processes is a volcano [5], discovered at the 
bottom of the Tsiolkovsky crater  on the far side of 
the Moon by the pictures of the "Apollo 17" crew. 
Crater with a diameter of 180 km is characterized 
by a complicated structure and the central peak,  typ-
ical for craters of cometary origin. Volcano height 
of 102 m is located almost in the center of the 
crater on a small flat oval elevated of plume nature 
 diameter 24-26 km. On high-resolution images lava 
flows are visible, indicating an almost contemporary  
eruption of the volcano (Fig. 3). 

Estimates made on the basis of images  photo-
grammetry  showed  that the height of the  volcano is 
about 102 meters. Diameter at the base of the 
volcanic cone is 1,760 meters. Slopes of the volcano 
have an inclination toward the bottom of the 
crater about 7°-8°. Emissions of the material are 
observed   only in one direction, and this trend points 
to the central peak of the Tsiolkovsky crater. Other 
characteristics are listed in Table 1 [5], [21]. 
 

 
 

At closer look at the top of the cone, small  cra-
ters are visible . This is probably the vent  through 
which volcanic material is done, now  resembling a  
frozen lava. The diameter of the central crater is 
about 50-70 meters. Volcanic cone contains no small 
impact craters, indicating  its modern age. Of the 
same say the reflective properties of the volca-
no, which are noticeably lighter than the surrounding  
 terrain, because had not been yet covered 
with dark lunar dust. These facts speak in favor 
of recent, and perhaps even modern activity of the 
volcano. 

It is significant that the volcano is located in the 
center of the low rise of the plume origin. The com-
bination of these structures on the Earth is typical of 
shallow magma chamber, resulting in the crash site 
of galactic comets [22]. Probably, this camera has 
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arisen and exists today under the bottom  of the 
Tsiolkovsky crater. 

Summary and conclusions. 
 • The time of formation of the main topographic 
 structures on the Moon - its continents and seas, as 
well as all  the planets are 
not uniquely associated with the age of rocks com-
posing these structures. 
 • The main factor that determined the modern look 
of the  Moon, Mars and Mercury was 
the bombardment of the solar system by galactic 
 comets  between 5.0÷0.6  million years ago. 
 • Multiple galactic comets falling sharply increased 
flow on the Moon and planets, tectonic  and  volcan-
ic processes that continue to this day. 
 • An example of these processes is discovery at the 
Tsiolkovsky crater, apparently, an active volca-
no 102 meters high, crowning a low  plume  base 
 diameter of 24-26 km. 
      In this regard it should be emphasized that the  
question of the formation of geodynamic  pockets 
under large impact craters still have not been studied 
theoretically [23]. 
 

 

References: [15] Barenbaum A.A, Gladenkov, 
Yr.B., Yasamanov, N.A. (2002) Stratigraphy. Geo-
logical Correlation. V.10. № 2. p.3-14. (in Russian). 
[16] Barenbaum A.A., Shuvalov V.V. (2007) Phys-
ics extreme states of matter-2007, Ed. Fortov V.E. 
etc., Chernogolovka: IPCP. p.139-140. (in Russian). 
[17] Barenbaum A.A., Hain V.E., Yasamanov N.A. 
(2004) Vestnik MGU. Ser.4. Geology. № 3. p.3-16. 
[18] Barenbaum A.A. (2008) Materials XIV Intern. 
Conference. Petrozavodsk, Karelian Science Center 
RAS, P.1, p.43-47 (in Russian). [19] Artyushkov 
E.V. (1994) Doklady Akad. Nauk, 336, №5, p.680-
683 (in Russian). [20]Kozyrev, N.A. (1959) Priroda. 
№ 3. p.84-87. (in Russian). [21]Shpekin, M.I., Bar-
enbaum A.A. (2011) Proceedings of the conference 
VNKSF-17. Ekaterinburg. p.476-477. (in Russian). 
[22] Barenbaum A.A. (2010a) Proceedings of XLIII 
meeting on the Tectonics: Tectonics and Geodynam-
ics of the fold belts and Phanerozoic platforms. V.1. 
Moscow. PH GEOS. p.38-42. (in Russian). [23] Bar-
enbaum A.A. (2010b) Zababakhin readings: Pro-
ceedings of the X Intern. Conference. Snezhinsk. PH 
VNIITF. p.13. (in Russian). 
 

102



ESTIMATE OF THE LUNAR SURFACE AGE: INTRODUCTION AND DISCUSSION.  
A.A.Barenbaum1 and M.I.Shpekin2 ,      1- Oil and Gas Research Institute RAS  <azary@mail.ru>  ,     2 - Kazan 
Federal University  <Michael.Shpekin@ksu.ru> 

 
 
Preface.  Most part of the lunar  surface  relief  

was formed during the last 5 million years. The 
conclusion was received on the basis of detail 
analysis of large craters of the Moon, Earth, Mars 
and Mercury.  Fall of the galactic comets 5.0÷0.6 
million years  ago  and the tectonomagmatic 
processes induced by the comets played major 
role in shaping of the Moon topography. 

Processes of tectonics and volcanism are 
occurring on the Moon today also. An example is the 
volcano found in the Tsiolkovsky crater on the far 
side of the Moon. The volcano has a height of 102 m 
and is located almost in the bottom center of the 
crater with a diameter of 180 km on a low oval 
elevation of plume nature 24-26 km in size. 

Introduction. It is believed that the relief of the 
lunar  surface, as well as  Mercury and  Mars formed 
more than   3   billion years  ago  as a  result  of falls 
on these celestial bodies planetesimals remained 
 after solar system formation  in the interplanetary 
space [1]. This opinion  justify the  data on the 
crater, as well as  measurements  of  the isotopic  age 
of lunar rocks samples delivered to Earth,  testifying 
to  their formation more than 3  billion  years  ago 
[2]. 

The spacecraft planetary exploration, made  in 
recent years, however, cast doubt on such an ancient 
age of  the  surface topography, in particular, the 
Moon and Mars. At the poles of the celestial  bodies 
the large masses of frozen water were discov-
ered and recently dry riverbeds can be seen on Mars 
[3]. These and many other facts do not find a con-
vincing explanation within the framework of existing 
concepts.  

We suggest another interpretation of the observed 
facts. It is based on an analysis from the standpoint 
of galaxycentric paradigm [4], the distribution 
of comet craters on planets and the discovery 
of modern  volcano [5] in  one of them -
Tsiolkovsky crater on the Moon. Our studies show 
that most of the surface of the Moon, Mars and 
Mercury are completely saturated by such craters. 
Since their formation is associated with ejection of  
rocks  from  depths of ∼ 3 km or more, the  old  age 
 of the lunar  rocks  samples  brought to Earth says in 
first place about the time of solidification of the 
material, but not  the actual age  of the formation of 
the lunar surface. 

The arguments and evidence that the lunar sur-
face is hardly more than 5 million years, and the 
process of its formation continues today are given 
below.  

General characteristics of the Moon relief. The 
main topographical features of the  Moon,  Mars  and 
Mercury surface are covered with  large  craters  up-

lifted  areas - "continents" and  cratered  to a much 
less extent, lower parts - "the sea ". It is significant 
that the continents tend to be the southern  hemi-
sphere of the celestial bodies and the sea is main-
ly located in its northern hemisphere. 

There is also an important specificity in the mor-
phology and distribution of craters. According to 
[6], two distinct populations of craters - diame-
ter D<15 km and D>15 km stand out on the Moon. 
The first are the most numerous in the seas, and the 
second - on the continent. The depth H of the first is 
approximately equal to 1/ 5 of their diameter, while 
the craters of the second type are smaller. The 
first type of craters has a simple structure and is 
best described by the dependence H = 0.196D1.01, 
whereas the latter are more complicated,  have  cen-
tral hills and gentle slopes. In the diameter range 
11 ≤D≤ 400 km of these craters are  followed  de-
pen-ding on H = 1.044D0.301. Thus,  with  the im-
pinging appearance of craters the rocks   from 
the depths  of ∼ 3 ÷7 km may be disposed on the 
surface. 

The transition between the types of craters on the 
curve H(D) is not monotonic, forming a region of 
overlap. The same applies to craters on Mars and 
Mercury  [7]. 

The distributions of craters by diameter are 
peculiar, as well as their density on the continents 
 and seas (Fig. 1-a). For craters with D ∼ 100 km,  
their density on the continents is 100 times higher 
than in the seas, and at D ∼ 10 km, this difference is 
reduced to 10. Significant differences in the cratering 
degree in different planets appear only for D> 400 
km, where the density of craters on the Moon 4-
10 times higher than on Mars.  

The craters distribution on the Moon, Mars and 
Mercury are similar in configuration and are close in 
numerical parameters. Moreover, the distribution of 
marine crater diameter should be inversely quadratic 
dependence, while the continental craters are 
subjected to an exponential law. Since the last ones 
are much more numerous, the exponential 
distribution of craters by diameter is characteristic of 
these planets in general (Figure 1-b). 

Bending curves in Fig. 1-a for the continent at D 
= 60 ÷ 100 km and line graphs for the seas associate 
with two [8] or even three [9] bombing of space 
bodies of different ages, partially destroying the 
traces of earlier falls. Modeling the crater 
distribution by means of special sizing of crating 
bodies [8], however, was inconclusive [7]. 

It is more difficult to explain [11] similarity in 
the distribution of craters in so much 
different celestial bodies like the Moon, Mars and 
Mercury,  differing in the geological history, the 

103



force of gravity on the surface and the distance from 
the asteroid belt and the Sun. The 
basic idea, that was involved in, is associated with 
 the  possibility  of complete  saturation  of large 
craters, at least the 

 
                       a                                                b 
Fig. 1. Density distribution of craters by diameter: 
a) the differential D(ΔN) with a step ΔD=D÷√2D a 
double logarithmic scale [8]  and b) the integral N (> 
D) in a logarithmic scale  [4],  constructed according 
to[10]. The dotted line in the figure corresponds  in-
versely quadratic dependence on D. 
 
surface of the continents  [8],[12], [13],[14]. This 
point was not managed to resolve. Currently 
accepted  view is [7] that planets are far from the 
state of saturation by the large craters. 

A new approach to the problem. According to 
Barenbaum [4],  the Sun in its motion in the Galaxy 
once every 20-37 million years crosses the jet 
streams of material flowing from the center of our 
star system. In moments of these intersections 
duration ∼ 2 ÷ 5 million years the solar system is 
exposed to intense bombardment by galactic comets. 
In the Earth's geological  history, all these times are 
marked as the era of global natural catastrophes. 
These events are the straton boundaries of modern 
geochronological scale. 

Last bombardment by galactic comets occurred 
in the  period  5.0÷0.6  million years ago at the 
boundary of the Neogene and Quarter [15]. Today, 
these comets are  absolutely unavailable for  detec-
tion from the Earth by means of astronomy. There-
fore, we judge the properties of these objects by the 
consequences of their  fal-ling on our and other plan-
ets, as well as the results of their collision with the 
bodies of the asteroid belt [4]. 

Available data suggest that the masses of the nu-
clei of galactic comets vary in the range from  1012 to 
1017 g, and their kinetic energy is from 1020 to 1025 J. 
The matter density of the comet is close to 
1.0 g/cm3.  It is composed of  80-90%  water ice and  
∼  of 10-15%  the carbon components.   

Chemical elements heavier than carbon and oxy-
gen have the space prevalence, but their content is 
not more than one percent [4]. The galactic comets 
falls are characterized as "comet showers" when 
during a bombardment  ∼  104÷ 107 such  bodies 

could fall on the Earth. In contrast to large asteroids 
and comets of solar system these comets are 
characterized by an exponential  distribution  
of mass and energy,  which causes the same 
distribution of the crater diameters created 
by them (Fig. 1-b). 

The number of the falling comets at the same 
time is so great that full saturation of the surface by 
craters is reached even during one bomb period. The 
theoretical value of the "marginal" density of the 
crating for the Moon, Mars and Mercury  is  ≈ 100 
craters with a diameter ≥ D 10 km area of 
1 million km2 [4].  Because of the ecliptic obliquity 
at the angle of 62 ° to the galactic plane in which 
the comets move, their latest bombing came 
mainly to the southern hemisphere of the planets. 
Therefore, the complete saturation of the craters 
tends only to that hemisphere of the Moon and Mars. 
Data in Fig. 1-b confirm this conclusion. 

There is another important fact that should be 
noted in discussing the data of Fig. 1-b. This is the 
absence of craters on Earth, created by galactic com-
ets. All the large craters on Earth are formed    
downs asteroids. The distribution of these craters by 
 diameter in region D≥70 km, slightly prone to  ob-
servational  selection, good to be  a power by in-
versely quadratic dependence. 
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Introduction:  Modern research methods pro-

vides extensive new information about the lunar reg-
olith. Upcoming space missions as well as the con-
struction of a lunar base in future will provide  many 
times more data for further analysis. What are the 
astronomical scientific results can be derived from a 
detailed study of the regolith? In what areas of the 
lunar surface should first pay attention to the process 
of systematic excavation of the regolith for research?  

 Possible changes in isotopic composition and 
flow of solar wind  in the process of evolution. 

 In one percent of solar wind particles, corre-
sponding to heavier than hydrogen and helium iso-
topes of elements are present noble gases such as 
neon and argon. These isotopes are deposited and 
permanently retained in the regolith.  

If we compare the ratio of some isotopes in the 
regolith [6], relating to different epochs of the same 
isotope ratios in modern solar wind [11], one can 
imagine how the composition of the solar wind 
changed over time. Studies isotope 
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of different ages show that there is almost complete 
compliance these ratios with similar ratios in the 
solar wind.  

However, revealed that the isotopic ratios of ni-
trogen !!!" / !!!"  in the regolith is growing by about 
15% every billion years [6]. The only plausible ex-
planation for this fact is the change in the ratio of 
nitrogen isotopes in the solar wind. This result, ob-
tained in the studies of lunar samples brought back 
by Apollo spacecraft, still remains unexplained. It is 
possible that this ratio indicates a change in the solar 
wind flow over time. It should be noted also that the 
isotope ratios of some volatiles, in particular xenon 
in the regolith vary considerably over time, which 
may indicate that the flow of the ancient solar wind 
(~ 3.5-4 billion years old) was 2-3 times higher. 
Changes in the depth of penetration of solar wind 
into minerals give the opportunity to explore the 
variation of SW proton energy. It is assumed also 
that the ancient solar wind was more energetic.  

Recovering the history of changes in GCR over 
the past 200 million years 

The accumulation of the regolith is 
approximately 1 mm per million years. This means 
that over 200 million years, a layer of regolith is 
about 20 cm. This period is small enough so that the 
upper layer of regolith has not undergone a complete 
mixing with the earlier layers. Therefore, in this 
case, the uppermost layer, contain information about 
changing the flow of galactic rays and solar wind 
during this last period. The most suitable objects to 

study the recent events taking place around the solar 
system, are the impact and magmatic melts. 

Images of melts of different nature were obtained 
using LROC with almost the entire surface of the 
Moon. In Fig.1 shows the impact cracked blocked 
melt, which is very handy for the extraction of its 
vertical sample.  
 

 
 
 Fig.1 Blocked impact melt on Giordano Bruno 

crater floor( LROC). 
The melt is convenient because at the time of 

formation of all the previous information is erased 
and the age of the next records does not exceed the 
age of impact or volcanic formation. 

As evidence of possible changes in the flux of 
GCR or SW can point to hydrogen anomalies ob-
served in very immature impact craters [7]. 

Recovering the history of the evolution of the So-
lar System through the records in the regolith over a 
period of up to 4 billion years 

To recover almost the entire history of the evolu-
tion of track records and deposits of volatiles in the 
regolith must have a strong correlation between age 
and depth of entries in the regolith. Therefore, intro-
duced the concept paleoregolita. This regolith, which 
was exhibited at the surface only once and was pre-
served for various reasons[1,2,3,4]. The existence of 
a palaeoregolith has been brilliantly confirmed by 
images LROC (fig.1). In the picture are layers of 
volcanic magma at each other. Between them are 
clearly visible layers of the regolith that formed be-
tween eruptions. This is the palaeoregolith. System-
atically extracting and studying regolith and pal-
aeoregolith we can trace the whole process of rota-
tion of the Solar System around the galactic center. It 
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is possible to identify the composition of stellar mat-
ter sleeves, through which passed the Solar System, 
as well as the composition of the gas and dust clouds 
in its path[3]. Exploring the regolith, we can very 
accurately detect an epoch in which the surface of 
the Moon fell out the most active cometary material 
[9]. 
 

 
 
Fig. 2 The real location the palaeoregolith on the 

slopes of Euler crater (LROC). 
 
Understanding the complexity of the extraction 

of regolith from the slopes of craters, we propose to 
consider some other possible locations of its occur-
rence, as follows: terraces of some craters, tectonic 
and volcanic extended objects, modern preserved 
palaeoregolith layers (fig.3). 

 

 
 

Fig. 3 Formation preserved regolith under impact 
melt flow on edges of any craters rims (LROC). 

 
Conclusions: 
As a result of the LRO camera obtained many 

images, which show the location of impact melts and 
the sites of occurrence of palaeoregolith. Also clear-
ly visible craters in which palaeoregolith can poten-
tially placed. For extensive information on the astro-
nomical time scale of several billion years, require a 
systematic excavation of the regolith (preferably in 
the form of a vertical core) in the field of its most 
hermetic deposition. Also, it is possible to explore 
the deepest extraction of the regolith (up to 4 me-
ters), in which the mixing is not too much. Excava-
tion and study of samples of impact melt may be 
much easier due to the occurrence of the surface and 
the absence of mixing. 
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Introduction:  The Chandrayaan-2 Large Area 

Soft-X-ray Spectrometer (CLASS) [1] is due to be 
launched by the Indian Space Research Organisation 
(ISRO) in 2014. CLASS will map the elemental  
composition of the lunar surface by measuring the  
X-ray fluorescence stimulated by solar X-rays. The 
aim is to perform a global study on the diversity and  
distribution of lunar lithologies, providing a map of 
elemental abundances of the lunar crust, focusing on 
the major crustal provinces and mare diversity [1] .  

The CLASS instrument will use an array of e2v 
technologies CCD236 swept charge devices (SCD), a 
new generation of SCD X-ray detector. The CCD236 
is a large area (20 x 20 mm2) soft X-ray detector  
optimized at 0.5 keV to 10 keV [2], and benefits from  
improvements in design to allow for increased detector 
area, a reduction in split X-ray events and  
improvements towards radiation hardness. It will  
effectively increase the detection area from 24cm2 used 
on C1XS [3] to 64cm2 for CLASS but with the same 
electronic requirements [1]. 

Chandrayaan-2 is planned to orbit the Moon  from 
a 200 km altitude orbit [1] for 1 year during a period of 
high solar activity, thus increasing its chances of  
encountering higher energy and frequency of solar 
flares interacting with the lunar surface. This may  
enable mapping of heavier elements such as Ti, Mg 
and Fe during such high-energy events, but may also 
result in an increased proton damage to the detectors 
during the mission. 

Based on the flightpath of Chandrayaan-1, an end 
of life proton fluence can be estimated, giving a  
prediction for the SCD performance at the end of the 
mission. Sufficient shielding on the detectors will be  
required for the mission duration to decrease the  
degradation of resolution caused by radiation damage 
but without reducing the detected fluorescence. 

In this presentation, we will provide an overview of 
the CLASS instrument, the CCD236 detectors,  
optimisation of the energy resolution and the planned 
radiation damage study. 
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Introduction: The Moon’s slightly tilted spin 

axis (1.54° at its current state) relative to the ecliptic 
normal provides a unique lighting environment near 
the lunar poles [1]. Topographic highs (e.g., crater 
rims and elevated massifs) remain persistently illu-
minated for the entire precessional cycle (18.6 
years). Meanwhile, some crater floors and topog-
raphic depressions remain in shadow throughout the 
same cycle. These two types of areas are key sites 
for future human and robotic explorers. Using im-
ages acquired by the Lunar Reconnaissance Orbiter 
(LRO) Narrow Angle Camera (NAC), we identify 
the occurrences of these two environments coexist-
ing in small, localized areas. 
 Previous Studies: Many studies have focused on 
identifying and delimiting these two environments 
(persistently illuminated and permanently shadowed) 
using both topographic and image based datasets. 
Most recently, from altimetric data from Laser Al-
timeter (LALT) and Lunar Orbiter Laser Altimeter 
(LOLA) onboard the Kaguya and LRO spacecraft, 
researchers have simulated the lighting conditions of 
the polar regions and identified discrete points in the 
elevation models that receive the most illumination, 
and quantify the surface area near the pole in perma-
nent shadow. 
 Recent work [5] using images acquired by the 
LRO Wide Angle Camera (WAC) revealed a highly 
illuminated region (0.93 km2) on the rim of Shackle-
ton crater that remains persistently illuminated for 
94% of the year and recedes into shadow for a max-
imum period of only 62 hours. Such a location is 
ideal for future exploration and long duration habi-
tats due to its persistent access to solar energy, be-
nign thermal conditions, and proximity to large per-
manently shadowed regions (PSRs), like the floor of 
Shackleton crater. 
 Impact of Small Scale Topography: While 
many studies have focused on delimiting these re-
gions, small scale topography in these persistently 
illuminated regions can cause local regions to remain 
out of direct sunlight all year. For example, due to 
the extreme lighting geometry, a meter tall boulder 
on the surface can cast a shadow for 37 m. Likewise, 
the interior of a small crater can remain in shadow 
due to its slightly raised rim. Using NAC derived 
illumination mosaics compiled from images acquired 
over the entire mission, we identify small, potentially 
permanently shadowed regions in these highly illu-
minated areas.   
 NAC Illumination Analysis: During a majority 
of orbits  (~every 2 hours), the WAC acquires a 104 
km wide image across the pole that is used to create 
illumination maps of the region [5]. In contrast, the 
spatial coverage of NAC images acquired during a 
polar pass is limited due to the narrower field of 

view (5.7° combined). However, since the start of 
the mission, the NACs have acquired over 21,000 
image pairs within 5° of the both poles over a full 
range of lighting conditions, thus providing the 
means to investigate lighting conditions at the meter 
scale. 
 In a search for shadowed areas in or adjacent to 
persistently illuminated regions, we map projected a 
subset of NAC images covering the rim of Shackle-
ton crater. The mapped images were converted into 
binary images to represent their illumination state 
(0=shadowed, 1=illuminated). Binary images were 
stacked in map space and the percent each mapped 
pixel was illuminated was calculated. Since the NAC 
does not image the same surface during every orbit, 
we cannot provide meaningful estimates for the 
amount of time a feature is illuminated at this scale, 
but we can identify potential PSRs that have re-
mained shadowed in all images acquired to date. 
Figure 1 highlights a collection of craters located in 
persistently illuminated regions that have a majority 
of their interior remaining in shadow. 

 
 Discussion: The potential presence of perma-
nently shadowed features in the persistently illumi-
nated regions has major implications for future ex-
ploration of the lunar poles. There have been numer-
ous mission proposals [e.g., 6,7] to explore large 
PSRs with landers, rovers, and standoff instruments. 
These large PSRs generally have steep slopes and, 
by definition, no easy access to direct solar energy 
making it difficult for vehicles to traverse and sur-
vive for long periods. However, small PSRs found in 
these persistently illuminated regions are more easily 
accessible and a tall (several meters), but feasible, 
mast could collect solar energy to support operations 
[4,8]. Furthermore, a polar rover could explore a 
series of these small permanently shadowed regions 
with standoff instrumentation that would require 
substantially less power than needed to explore the 
larger and less accessible PSRs like Shackleton cra-
ter. 
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Figure 1- NAC 
illumination 

map of a region 
on the rim of 

Shackleton cra-
ter. (image is 
3.75 km wide) 
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Introduction: Altimetric observations, like the 

ones gathered by the Lunar Orbiter Laser Altimeter 
(LOLA), provide precise measurements (±0.1 m) of 
the distance between the Lunar Reconnaissance Or-
biter (LRO) spacecraft and the lunar surface [1]. 
These observations are reduced into regional digital 
elevation models (DEMs) and other products depict-
ing surface slopes, roughness, and reflectance.  

The precision of the LOLA altimetric measure-
ments (±0.1 m) is defined by performance of the 
LOLA electronics, while the accuracy of the obser-
vations is dictated by how well the position of the 
LRO spacecraft is known and the modeling of the 
thermal effects on LOLA transmitter optics [1]. Re-
cent work by Mazarico and co-workers [2] has im-
proved the known position of LRO through precision 
orbit determination using radiometric data and al-
timetric crossovers. With this improved ephemeris, 
the horizontal accuracy of the orbits improves from 
~300 m to ~14 m [2,3].   

The LRO spacecraft also includes the Lunar Re-
connaissance Orbiter Camera (LROC), which in-
cludes a single Wide Angle Camera (WAC) and two 
Narrow Angle Cameras (NACs) [4]. From an alti-
tude of 50 km (common during the mapping phase) 
the NAC images have a pixel scale of 0.5 m. Al-
though not designed for stereo observations, off-
nadir slews of the spacecraft enable stereo NAC ob-
servations acquired from adjacent orbits. These ste-
reo images are later reduced into DEMs with a typi-
cal post spacing of 2.0 m. 

Registration of Altimetric Observations to 
DEMs: When producing DEMs using NAC stereo 
data, elevations derived from image pairs are tied to 
overlapping LOLA tracks to ensure the absolute ele-
vation and horizontal accuracy of the model [5]. 
However due to offsets in the spacecraft location 
when acquiring the NAC images and the LOLA 
measurements, which may be acquired over many 
orbits, offsets (±15 m) between the datasets are com-
mon. The LROC team is currently developing a tool 
to automatically register altimetric observations to 
high-resolution digital elevation models. 

Typically when tying a DEM to a set of altimeter 
spots that include latitude, longitude, and radius 
measurements, the DEM is semi-manually adjusted 
by rotating and displacing the model until the root-
mean-squared (RMS) of the difference between the 
elevation of altimeter spot and the image derived 
DEM at the same spot location is minimized. After 
successful registration, the RMS error along the 
LOLA profile is typically <1.0 m for a DEM pro-
duced at 2.0 m per post [5]. 

However, mis-registrations in the products are 
generally due to differences in the known and actual 
position and rotation of the spacecraft and instru-
ments. Using a generalized pattern search (GPS) 
algorithm, the new automatic registration adjusts the 
position and pointing information for the times when 
the LROC NAC images are acquired as well as when 
LOLA was collecting measurements of the same 
region. Figure 1 shows how the RMS error improves 
as the GPS algorithm identifies the proper spacecraft 
position and rotation offsets. By registering multiple 
LOLA tracks across a NAC DEM, the model can be 
adjusted to provide a very precise and accurate ele-
vation model of the region.  

 
Figure 1- Output of registration program identify-
ing the improvement in the RMS error and a por-
tion of the final registration. 

Further Applications: An automatic registration 
algorithm can also be used to improve the thermal 
pointing model of the LOLA instrument. When LRO 
passes over the terminator, typically in the polar re-
gions, the thermal blanket contracts and causes the 
transmitter optics to be pulled off axis [1].  This 
“LOLA Anomaly” reduces the number of spots 
LOLA is able to acquire during a single shot (5 to 2) 
[1]. By tracking the rotation adjustment for each 
individual beam and receiver channels, one can ac-
curately model the magnitude of this shift over a 
range of temperatures.  This information can later be 
used to improve the defined pointing of LOLA in-
strument and thus improve the gridded data product 
as well as improve the altimetric data used in the 
precision orbit determination.  
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$JDLQVW� VXFK� LQGLVSHQVDEOH� ORVVHV� VFLHQWLVWV� DUH�
VWDUWLQJ�FU\RSUHVHUYDWLRQ�RI�JHUPSODVPV�E\�FUHDWLRQ�RI�
JHQH�EDQNV��,W�LV�SURSRVHG�WR�FRQVWUXFW�D�F'1$�OLEUDU\�
EDVHG�JHQH�EDQN�IRU�HQGDQJHUHG�VSHFLHV�LQ�WKH�SHUPD�
QHQWO\�VKDGRZHG�SRODU�OXQDU�FUDWHUV�WKDW�ZRXOG�SURYLGH�
LPPXQLW\�IURP�ERWK�QDWXUDO�GLVDGYDQWDJHV�DQG�KXPDQ�
LWDULDQ�LQWUXVLRQV�>�@��

Rationale:��,Q�WKH�SXUVXLW�RI�FRQVHUYDWLRQ�RI�ELRGL�
YHUVLW\�� HQRUPRXV� �PRQH\� LV� VSHQW� DOO� RYHU� WKH� JOREH�
EXW�WKH\�DUH�XQDEOH�WR�DGGUHVV�WKH�VHYHULW\�RI�WKH�SURE�
OHP��8QGHU�VXFK�DODUPLQJ�FLUFXPVWDQFHV��ZH�WXUQHG�WR�
FU\RSUHVHUYDWLRQ� DV� DQ� RSWLRQ� EXW� RYHU� WKRXVDQGV� RI�
\HDUV� HFRQRPLF� GHSUHVVLRQV�� VDERWDJH�� FRQIOLFWV�� ZDU�
IDUH�RU�HYHQ�D�EULHI�GLVUXSWLRQ�WR�WKH�SUHFLVH�FU\RSUHV�
HUYDWLRQ� FDQ� KDPSHU� WKH� VWRUDJH� RI� JHQHWLF� VDP�
SOHV�:KHQ�ZH�DUH�FRQVLGHULQJ�FRQVHUYDWLRQ�LW�LV�DOZD\V�
SUHIHUDEOH�WR�JR�IRU�D�PRUH�VHFXUH�DQG�SHUPDQHQW�VROX�
WLRQ� WKDW� ZRXOG� LQYROYH� RQH� WLPH� H[SHQGLWXUH� UDWKHU�
WKDQ� UHSHWLWLYH�DWWHPSWV�� ,W�ZDV� IRXQG�RXW� WKDW� WKH�FOL�
PDWLF� DQG� VWUDWHJLF� ORFDWLRQ� RI� WKH� OXQDU� SRODU� FUDWHUV�
DUH� DGHTXDWHO\� KRVSLWDEOH�� UHPRWH� DQG� IUHH�RI�PDLQWH�
QDQFH�DQG�KXPDQ�REVHUYDWLRQ�DV�WKH\�SURYLGH�QDWXUDOO\�
FU\RJHQLF� WHPSHUDWXUH�� UHGXFHG� JUDYLW\� DQG� YDFXXP�
HQYLURQPHQW�� QRQ�UHDFWLYH� VXUIDFH�� VDIHW\� IURP� FHOHV�
WLDO� LQWUXVLRQ� DQG� SHUPDQHQW� VKDGRZ� ZKLFK� GRHVQ¶W�
DOORZ�WKH�WHPSHUDWXUH�WR�IOXFWXDWH�WKXV�SURYLGLQJ�PRVW�
VXLWDEOH� VWRUDJH� IDFLOLWLHV� IRU� WKH� JHUPSODVPV�� 365V�
SURYLGH�VWHDG\�WHPSHUDWXUH�RI������.�DQG�LPPXQLW\�WR�
HDUWKTXDNHV�GXH�WR�ORZ�VHLVPLF�DFWLYLW\��$W�WKHVH�VLWHV��
EXULDO�LQ�RQH�PHWHU�RU�PRUH�RI�WKH�UHJROLWK�ZLOO�SURYLGH�
SURWHFWLRQ� DJDLQVW� WKH� VRODU� ZLQG�� VRODU� DQG� JDODFWLF�
FRVPLF�UD\V�DQG�PLFURPHWHRULWH�LPSDFW��,W�SURYLGHV�WKH�
PLQLPXP� QHFHVVDU\� EDUULHU� IURP� KXPDQ� LQWHUYHQWLRQ�
DQG� DW� WKH� VDPH� WLPH� HQDEOHV� HDV\� UHWULHYDO� IRU� IXWXUH�
XVDJH��*HQHWLF�VDPSOHV�RI�HQGDQJHUHG�VSHFLHV�FDQ�HQ�
DEOH� UHVWRUDWLRQ� HYHQ� DIWHU� LWV� H[WLQFWLRQ�� 3UHVHUYHG�
WLVVXHV�FDQ�VHFXUH� WKH�JHQHWLF�KHULWDJH�RI� VSHFLHV�� DQG�

PD\�DOORZ�IXWXUH�UHVWRUDWLRQ�RI�WKRVH�VSHFLHV��)XUWKHU�
PRUH��WKHUH�ZRXOG�EH�QR�VFLHQWLILF�H[WLQFWLRQ�>�@��

Biological Processes:��)RU�VWRUDJH�RI�D�KXJH�QXP�
EHU� RI� JHQHWLF� VDPSOHV�� ZH� QHHG� WR� IROORZ� WKH� EDVLF�
SURWRFROV� RI� FRQVWUXFWLRQ� RI� D� F'1$� OLEUDU\� EDVHG�
JHQH�EDQN��7KH�F'1$�OLEUDU\�UHSUHVHQWV�WKH�JHQHV�WKDW�
ZHUH� EHLQJ� DFWLYHO\� WUDQVFULEHG� LQ� WKDW� SDUWLFXODU�
VRXUFH�XQGHU� WKH�SK\VLRORJLFDO�� GHYHORSPHQWDO�� RU� HQ�
YLURQPHQWDO� FRQGLWLRQV� WKDW� H[LVWHG� ZKHQ� WKH� P51$�
ZDV� SXULILHG� >�@�� 7RWDO� 51$� FDQ� EH� H[WUDFWHG� IURP�
SODQWV� E\� XVLQJ� /L&O� PHWKRG� >�@�� 7KH� PHVVDJH� 51$�
FDQ� EH� LVRODWHG� DQG� SXULILHG� GRXEOH�VWUDQG� F'1$�FDQ�
EH� V\QWKHVL]HG� XVLQJ� WKH� F'1$� /LEUDU\� &RQVWUXFWLRQ�
.LW� LQ�D�3&5�PDFKLQH��)LYH�PLFUROLWHUV�RI�3&5�SURG�
XFWV� FDQ� EH� ODEHOHG� ZLWK� Į��3G$73�IUDFWLRQDWHG� E\�
HOHFWURSKRUHVLV� LQ� ����� DONDOLQH� DJDURVH� JHO� WR� FKHFN�
WKH� GV�F'1$� TXDOLW\� DORQJ� ZLWK� WKH� VLQJOH� VWUDQGHG�
F'1$�� 2QH� PLFUROLWHU� RI� WKH� SXULILHG� F'1$� FDQ� EH�
OLJDWHG� LQWR� WKH� SUHGLJHVWHG� YHFWRU� ���ȝJ�� GLJHVWHG� E\�
(FR5�,�;KR�,�IROORZLQJ�WKH�SURWRFRO�RI�RYHQULJKW�OLJD�
WLRQ�DW�����&�LQ�D�VHQVH�RULHQWDWLRQ��7KH�ODPEGD�OLEUDU\�
FDQ�EH�SDFNDJHG�LQ�D�KLJK�HIILFLHQF\�V\VWHP�DQG�SODWHG�
RQ� WKH� (�� FROL� FHOO� OLQH� �$IWHU� DPSOLILFDWLRQ� RI� WKH� OL�
EUDU\�WLWUH�FDQ�EH�FDOFXODWHG�DV�SHU�WKH�PDQXIDFWXUHU¶V�
UHFRPPHQGDWLRQ� DQG� LW� FDPH� WR� �� ;� ���FIX�� 7KH� OL�
EUDU\�FDQ�EH�VWRUHG�LQ����'062�DW�����&�XQWLO�IXUWKHU�
VFUHHQLQJ�RI�WKH�JHQH�RI�LQWHUHVW��7KH�VL]H�RI�WKH�LQVHUW�
IUDJPHQWV�FDQ�EH�PHDVXUHG�E\�3&5�PHWKRG�XVLQJ�UDQ�
GRP�VHOHFWLRQ�RI�������FORQHV�IURP�WKH�62/5�LQIHFWHG�
SRVLWLYH�FORQHV��JURZLQJ�LQ�/%�DPSLFLOOLQ�DJDU�SODWHV��
>�@�8VLQJ�����JUDP�RI�JHQHWLF�PDWHULDO� IURP�DERXW����
LQGLYLGXDOV�SHU�VSHFLHV�FDQ�DOORZ�WKH�IXWXUH�UHVWRUDWLRQ�
RI�D�VSHFLHV��$�UHDOLVWLF�SD\ORDG�RI�������NJ�FDQ�VDYH�
RQH�PLOOLRQ� VSHFLHV�� 7KH� VWRUDJH�PHGLXP�ZRXOG� FRQ�
WDLQ�OLTXLG�QLWURJHQ�>�@��

Location:� � $IWHU� D� WKRURXJK� VHDUFK�� LW� KDV� EHHQ�
FRQFOXGHG� WKDW� WKH� JHQH� EDQN� FRQWDLQLQJ� FRQWDLQHU�
VKRXOG�EH�EXULHG�XQGHU� WKH�UHJROLWK�RI� WKH�365�RI� WKH�
EDVH�RI�6KRHPDNHU�&UDWHU�ORFDWHG�QHDU�WKH�/XQDU�6RXWK�
3ROH��FHQWHUHG� DW� �����6�� ��(>�@�� ,W� SURYLGHV�GLDPHWHU�
RI������NP�ZLWK�DQ�LPPHQVH����P��RI�365�>�@��

7KH�SK\VLFDO�SURSHUWLHV�RI�WKH�IORRU�PDWHULDO�FDQ�EH�
PRGHOHG��7KLV�IORRU�LV�NQRZQ�WR�EH�IODW��SURYLGLQJ�VLP�
SOH� JHRPHWU\� IRU� XQGHUVWDQGLQJ� LPSDFW� G\QDPLFV� DQG�
WKH� (MHFWD� SOXPH� LQ� FDVH� UHTXLUHG�� ,Q� DGGLWLRQ�� DERXW�
KDOI� RI� WKH� FUDWHU� IORRU� LV� LQYLVLEOH� IURP� HDUWK� EXW� DF�
FHVV�IURP�SRODU�OXQDU�RUELWHU�LV�JRRG�EHFDXVH�D�VSDFH�
FUDIW�ZRXOG�SDVV�RYHUKHDG�HYHU\�WZR�KRXUV>�@��+HQFH��
LW� HQDEOHV� HDV\� VWRUDJH�� VXUYHLOODQFH� DQG� SURORQJHG�
UHWHQWLRQ�RI�WKH�SURSRVHG�JHQH�EDQN��
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�
)LJXUH���5DGDU�'(0�RI�VRXWK�SRODU�FUDWHUV��PDNHU�
FUDWHU�LQGLFDWHG�E\�DUURZ��ZKLWH�±�SHUPDQHQW�VKDGRZ�
�FDOFXODWHG���JUD\�±�QR�UDGDU�UHWXUQ��IURP�>�@�

�
)LJXUH����5DGDU�'(0�RI�VRXWK�SRODU�6KRHPDNHU��FUDWHU�
LQGLFDWHG�E\�DUURZ��IURP�>�@��

Conclusion:� &U\RFRQVHUYDWLRQ� FDQ� DGG� DQ� LP�
SRUWDQW�HWKLFDO�FRPSRQHQW�WR�WKH�VSDFH�SURJUDPPH�DQG�
KHOS�UDLVLQJ�SXEOLF�VXSSRUW��&RQYHUVHO\��VXFK�DQ�RSWLRQ�
RI�FRQVHUYLQJ�WKH�YLWDO�ELRGLYHUVLW\�E\�GHYHORSHG�FRXQ�
WULHV� RQ� D� SHUPDQHQW�EDVLV� FDQ� DOVR�PDNH� FU\RFRQVHU�
YDWLRQ� � PRUH� DWWUDFWLYH� DQG� IXQGDEOH�� 0DQ\� QDWLRQV�
PD\�ZLVK� WR�SDUWLFLSDWH� WR� VHFXUH� WKH�JHQHWLF� KHULWDJH�
RI�WKHLU�XQLTXH�ELRWD�DQG�HWKQLF�JURXSV>�@��,W�LV�KLJKO\�
DGYLVDEOH� WKDW�GHYHORSHG�FRXQWULHV�DVVRFLDWH�ZLWK�ELR�
ORJLFDOO\� ULFK� FRXQWULHV� DQG� ELRWHFKQRORJLVWV� DOO� RYHU�
WKH�ZRUOG�WR�FROOHFW�DV�PDQ\�JHQHWLF�VDPSOHV�DV�SRVVL�
EOH� ZKLFK� WKH\� FDQ� LQFOXGH� LQ� WKHLU� IXWXUH� OXQDU� PLV�

VLRQV� WR� VHFXUH� WKH� IXWXUH� RI� WKH� OLYLQJ� ZRUOG�� 8QWLO�
KDELWDW� ORVVHV� DUH� FRQWUROOHG�� FU\RFRQVHUYDWLRQ� PD\�
SURYLGH�WKH�EHVW�FKDQFH�WR�VHFXUH�DQG�HYHQWXDOO\�UHYLYH�
PDQ\� HQGDQJHUHG� VSHFLHV�� )RU� WKLV� SXUSRVH�� VSDFH�
EDVHG� GHSRVLWRULHV� LQ� UHPRWH� ORFDWLRQV� OLNH� WKH� OXQDU�
SRODU�365V�FDQ�SURYLGH�SUHFLVH�FRQVHUYDWLRQ��WKH�PRVW�
FRVW�HIIHFWLYH�DQG�VHFXUH�PHDQV�IRU�SHUPDQHQW�VWRUDJH�
RI� LUUHSODFHDEOH� JHQHWLF� PDWHULDOV� ZLWK� D� VLQJOH� RQH�
WLPH�H[SHQGLWXUH�IRU�DJHV�LQVWHDG�RI�WKH�SUHYDOHQW�LQHI�
IHFWLYH�LQQXPHUDEOH�FRQVHUYDWLRQ�SURJUDPV��
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Introduction:  South Pole-Aitken Basin (SPA) is 

unique on the Moon in its chronology and chemistry, 
and can provide insight into early lunar and Solar 
System processes and history. A sample return from 
SPA would address fundamental questions about the 
Moon and advance our knowledge of impact bom-
bardment and early Solar System dynamics. Moon-
Rise, a mission that would have returned samples 
from SPA, was a finalist in NASA’s recent round of 
New Frontiers proposals. Here we describe some of 
the scientific justifications for such a mission and the 
approach taken by MoonRise. 

Lunar chronology: One of the key questions 
about the Moon with Solar System implications is 
whether there was a “lunar cataclysm,” a period of 
greatly increased impact rate, at approximately 3.9 
Ga. Such a period was suggested based on early 
analyses of the Ar-Ar and U-Th-Pb systems in Apol-
lo samples [1, 2]. Arguments for a cataclysm have 
been strengthened more recently by a dearth of pre-
4.0 Ga ages in recrystallized impact melt clasts in 
lunar meteorites [3], or in shocked eucrites or H 
chondrites from the Main Asteroid Belt [4, 5], and 
by the discovery of a dynamical mechanism to pro-
duce such a cataclysm [6]. However, most samples 
do not show a sharp end to the period of increased 
impact rate, as predicted by some cataclysm models 
[3-5], and coupled with the discovery of older impact 
ages, particularly in zircons [7, 8], the original idea 
of a brief cataclysm has been called into question. 

SPA is stratigraphically the oldest multi-ringed 
basin on the Moon, and it contains several other im-
pact basins and very large craters within it [9]. Since 
the Apollo samples come from a relatively restricted 
region on the nearside, and could all have been af-
fected by the (relatively late) Imbrium impact, SPA 
samples would be extremely valuable because they 
would sample a different portion of lunar impact 
history. If SPA formed near 4.0-4.1 Ga, that would 
indicate that there was some form of cataclysm, re-
gardless of how fast the rate declined after Imbrium. 
On the other hand, if one of the intermediate-aged 
basins within SPA (it would be logical to sample an 
area where the impact materials from such a basin 
would be sampled as well as those of SPA) is con-
siderably older than 3.9 Ga, it would suggest that the 
Apollo data were overwhelmingly affected by Im-
brium, rather than a cataclysm. 

Lunar chemistry: As seen from orbit, SPA has a 
chemical composition distinct from either the near-
side maria or the feldspathic highlands that make up 

most of the rest of the farside [10]. Its distinctive 
composition presumably results from mixing of an-
cient volcanic materials with deeply excavated rocks 
(deep crust and/or upper mantle) that differ from 
nearside basin ejecta, which are rich in KREEP. 

 Models of the chemical evolution of the Moon 
have been primarily based on the Apollo samples, 
well-studied rocks coming from known locations. A 
sample return mission to SPA would provide a way 
to gain the same level of understanding of a com-
pletely different part of the Moon, and help deter-
mine how lunar evolution differed with time and 
location. Similarly, because basalts (mare and cryp-
tomare) are more common in SPA than elsewhere on 
the farside, an SPA sample return mission would 
bring back samples that reflect the farside mantle, 
which can be used to determine if mantle heteroge-
neity also reflects global asymmetry.  

MoonRise mission:  To accomplish SPA sample 
return within New Frontiers constraints, MoonRise 
chose a simple and straightforward implementation, 
with a single lander going to a location near the cen-
ter of the SPA basin [11]. The concept is to use the 
impact process (as opposed to surface mobility) to 
do the job of sampling. The development of regolith 
combines impact-ejected materials that, from Apollo 
experience, we know represent well the surrounding 
region, including abundant small rock fragments that 
can be concentrated by sieving. The central regions 
of SPA basin have been resurfaced by basalts (mare 
and cryptomare), so we rely on the fact that many 
large impacts penetrated this veneer and excavated 
the underlying SPA impact-melt complex. The cen-
ter of the basin is where we are most likely to find 
these materials, along with impact-melt rocks formed 
by the smaller basins and large craters within SPA. 
Together, these materials will provide a spectrum of 
ages reflecting SPA-basin and post-SPA impact 
chronology of the Moon, with a definitive test for the 
beginning of the cataclysmic bombardment interval. 

References: [1] Turner G., et al. (1973) Proc. 
LSC 4th, 1889-1914. [2] Tera F., et al. (1974) EPSL. 
22, 1-21. [3] Cohen B.A., et al. (2000) Science. 290, 
1754-1756. [4] Bogard D.D. and Garrison D.H. 
(2003) MAPS. 38, 669-710. [5] Swindle T.D., et al. 
(2009) MAPS. 44, 747-762. [6] Gomes R., et al. 
(2005) Nature. 435, 466-469. [7] Grange M.L., et al. 
(2011) GCA. 75, 2213-2232. [8] Norman M.D. and 
Nemchin A.A. (2012) LPSC. 43, Abstract #1368. [9] 
Wilhelms, D. (1987) USGS Prof. Paper 1348. [10] 
Jolliff B.L., et al. (2000) JGR. 105, 4197-5216. [11] 
Jolliff B. L. et al. (2010) LPSC 41, Abstract #2450.   
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1. Introduction 
 The lunar cratering chronology was defined 
using the radiometric ages of the Apollo samples and 
terrestrial Phanerozoic craters correlated with crater 
counts on the Apollo landing sites (LS) and on ter-
restrial shields [1], [2], [3], [4], [5], [6], [7], [8], [9], 
[10] and [11]. The time dependence mathematical 
expression proposed by [6] lies the cumulative num-
ber of crater larger than 1 km per surface units 
(N>1km) to the radiometric age obtained on returned 
samples. To constrain the last three billion years 
lunar chronology, only four lunar sites are available 
[9]. All are impact craters: Copernicus crater that 
would occur 800 My ago, Tycho crater 109 My ago, 
North ray crater 50 My ago and Cone crater 26 My 
ago [10]. Taking into account the size of these im-
pacts and the image resolution available at that time 
[6], the crater density superimposed to these 4 im-
pact craters has been sampled on their ejecta and 
their rays [6]. The 800 My age of Copernicus has 
been obtained on a rock sampled on its ray 25 km 
away from the impact. Copernicus age is neverthe-
less widely accepted [10]. However, a rock sampled 
on a 2250 km distant landslide has been attributed to 
Tycho crater based on two major arguments: the 
landslide is near a Tycho’s cluster and the crater 
density on this landslide would be the same as the 
one superimposed on Tycho’s ray [12]. This link 
keeps to be equivocal. On these 4 anchor points of 
the lunar chronology, only Copernicus age is out of 
the curve (Figure 10, [9]).  
 The Lunar Reconnaissance Orbiter Camera 
(LROC) onboard Lunar Reconnaissance Orbiter 
(LRO) provides us high resolution images down to 
50 cm per pixel. We are now able to assess the size 
frequency distribution (SFD) of small craters (down 
to few meters) on the Moon.  
 We performed crater counts on LROC im-
ages inside Copernicus and Tycho craters and on the 
landslide that served to date Tycho. The resolution 
of the images allows us to observe the SFD from 4 m 
to 1 km. We then compared our results to the lunar 
chronology model proposed by [6] at different crater 
sizes.  
 
2. Dataset and method 

We constructed a Geographic Information 
System (GIS) to combine lunar data set at a wide 
range of spatial resolution. Our GIS includes: global 
data set released to public by the United States Geo-

logical Survey (USGS), as well as geo-processed 
LROC images: the wide angle LROC images 
(LROC WA) at around 60 m per pixel and the 
LROC narrow angle images (LROC NA) at 50 cm 
per pixels [13]. All these data allow us to document 
the SFD down to 4 m of diameter. We plotted our 
result as incremental representation of crater size vs 
crater density from [14]. The incremental diagram 
being more sensitive to slope variations of the distri-
bution than cumulative plots [15]. 
 

 
Table 1: Identification of the used images to assess the 

SFD as well as the diameter range they cover. 
 

3. Measured SFDs 
We performed crater counts inside Tycho 

crater, inside Copernicus crater and on the Apollo 17 
LS whose exposure age would be linked to Tycho 
event. The Bright mantle (or Light mantle) on the 
Apollo 17 LS, comes from the South massif and its 
shape orientation is linked to Tycho’s ray [16]. We 
performed counts on the Bright mantle and on the 
surrounding floor north to the Light mantle for com-
parison. All the crater density data were plotted in 
incremental diagram [14] and the plotted isochrons 
in this diagram correspond to the age model pro-
posed in Table 2 by [15]. 

The Copernicus SFD follows the 1 Gy 
isochron for the largest diameters to finally reach the 
saturation equilibrium curve in the small diameter 
ranges. The study of Copernicus SFD is crucial to 
constrain the lunar cratering chronology because 
Copernicus is the only event with a radiometric age 
between 3 Gy and 0.1 Gy (see next section). 

The Tycho SFD and the counts done on both 
surfaces on the Apollo 17 LS follow the 10 My 
isochron. This would confirm the hypothesis that 
both events are contemporaneous. However, in de-
tail, the crater density on the Bright mantle is higher 
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than the one measured on the surrounding floor 
north to the Light mantle. 

 

 
Figure 1: (a) Map of craters on the Copernicus inner 
floor; (b) SFD on the Copernicus melt pond; (c) SFD 
on the Tycho melt pond; (d) Comparison of the SFDs 
on the landslide covered by the light mantle and the 
one uncovered. 
 

As it has been proposed by [15] the Light 
mantle may be related to Tycho’s ejecta impact and 
be contaminated by Tycho’s secondary craters. 
 
4. Comparison to the age model (Neukum 1983) 

The figure 2 presents a comparison of our 
results of crater density on Copernicus and Tycho 
craters superimposed with the mathematical expres-
sion proposed by [6]. The mathematical expression 
has been obtained at N(>1km) but can be calculated 
for different crater diameters. The curves at 
N(>500m), N(>200m) and N(>100m) are plotted as 
well as the value of N(>1km) that serve to construct 
the mathematical expression. These points are repre-
sented in black. The N(>1km) of Tycho is on the 
Neukum curve while Copernicus would have too 
high crater density in that diameter range (Figure 10, 
[9]). We have to keep in mind that this value of 
N(>1km) have been measured on the ejecta of the 
craters. We plotted also the results of this study, the 
cumulative crater density at different sizes (1km, 
500m, 200m and 100m) that superimposes the inte-
rior of both Copernicus and Tycho craters. The dia-
gram makes the assumption that the radiometric age 
attributions are correct for both Tycho and Coperni-
cus impact. Our results may be discussed at different 
sizes:  

-at N(>1km): our result are poorly liable 
because only one impact existed on Tycho’s floor or 
on Copernicus’s floor. Tycho would have a higher 
crater density than expected while Copernicus would 
have a lower one what is the inverse tendency com-
pared to the data from [6]. 

-at N(>500m): Tycho would have a lower 
crater density than expected while Copernicus would 

have a higher one.  
-at N(>200m): Both Tycho and Copernicus 

would have a lower crater density than expected. 

Figure 2: Comparison of the lunar chronology at 
different cratering sizes. 
 

-at N(>100m): Tycho would have a lower 
crater density than expected while Copernicus would 
have a higher one.  

The crater densities we observe are differ-
ent from the ones predicted by the age model, and 
this whatever the crater size. 
 
5. Discussion-conclusion 

The SFDs measured in this work may con-
firm that the Bright mantle sampled to date Tycho 
impact event is contemporaneous of Tycho impact. 
Using radiometric ages of both Tycho and Coperni-
cus, we compared the crater density of both sites to 
the age model proposed by [6] at different crater 
sizes. The results demonstrate that the use of the age 
model for young surfaces affected by low crater den-
sities is equivocal. 
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Introduction: Hydroxyl content and H isotope 

composition have been measured in apatite crystals 
from several Apollo mare basalts [1-2]. However, 
Apollo sampling is unlikely to be representative of 
the diversity of lunar rock-types. We report here the 
first H isotopic measurement in apatites from a lunar 
meteorite, the very low-Ti gabbroic MIL 05035 
sample, together with new phosphate U-Pb data.  

Methods: Phosphates were located using 
backscatter images and EDS elemental X-ray 
mapping. OH contents and H isotope measurements 
in apatites were carried out using the Cameca 
NanoSIMS 50L at the Open University. A large Cs+ 
primary beam of ~ 260 pA current was rastered over 
a 10 × 10 µm area. A 3 minute pre-sputter was 
followed by the simultaneous collection of 
secondary ions 1H-, 2D-, 13C- and 18O- from a central 
5 × 5 µm area. OH contents and D/H ratios were 
normalised against the Morocco apatite (OH = 2640 
ppm, δD = -85 ‰). U-Pb dating was carried out 
using the SHRIMP II ion microprobe at the 
Hiroshima University. A O2- primary beam of ~ 1 nA 
excavated ca. 10 µm spots, from which secondary 
ions were collected during ~ 120 minutes after a 2 
minute pre-sputter. 

Results: For U-Pb dating, 11 analyses performed 
on phosphates yielded a total Pb/U isochron age of 
3.85 ± 0.07 Ga (2σ, MSWD = 0.62), consistent with 
the reported ages of 3.80-3.90 Ga for MIL 05035 [3-
5]. For OH content and H isotope composition, 4 
analyses carried out on 3 grains yielded OH contents 
and δD values ranging between 2000-4600 ppm and 
320-540 ‰, respectively (Fig. 1). 

Discussion: δD values measured in MIL 05035 
apatites show a rough inverse correlation with their 
OH content (Fig. 1). Such a trend could reflect 
contamination by low δD terrestrial water. For 
example, mixing 2000 ppm lunar OH with a δD of 
600 ‰ with 2000 ppm terrestrial OH with a δD of -
200 ‰ (similar to the Antarctic ice δD in the Miller 
Range area [6]) results in 4000 ppm OH with a δD of 
200 ‰. In the high-OH apatites, around half of the 
OH may thus be terrestrial hydroxyl. Considering 
that low-OH apatites are least contaminated, they 
provide a minimum δD estimate of ~ 500-600 ‰ for 
the lunar hydroxyl, which is consistent with 
measurements made on Apollo mare basalts. 

MIL 05035 has been paired with Asuka 881757, 
Yamato 793169 and MET 01210 [e.g. 7], forming 
the 3.9 Ga old YAMM group of lunar meteorites. 

 
Figure 1: δD vs. OH content of lunar apatites. 
Apollo samples data are from [1-2]. Errors are 2σ. 

In MIL 05035, phosphate Pb-Pb data yield initial 
206Pb/204Pb and 207Pb/204Pb ratios of ~ 18.2 and 24.0, 
resp., corresponding to a µ (238U/204Pb) value of ~ 
40, which is consistent with the low µ sources of ~ 
10-20 of the paired meteorites [8-10]. This confirms 
that the impact that launched them sampled rocks 
derived from a primordial lunar source not sampled 
by the Apollo missions, possibly early cumulates of 
the Lunar Magma Ocean (LMO) [6]. 

Conclusion: Lunar H isotope composition in 
apatites in MIL 05035 is comparable with H isotope 
composition in Apollo mare basalts, although MIL 
05035 is apparently derived from a very different 
and more primordial source. This suggests 1) that H 
has been added to the lunar interior after the LMO 
solidification, and 2) that added materials had a 
homogeneous H isotopic composition. 
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The main aim of this research is to constrain models
of the ice distribution with state-of-art lunar data and
to improve our understanding of the water melecule dy-
namics in the lunar sub-surface throughout the lunar his-
tory. Although controversial in its physical form (e.g.,
crystalline as opposed to amorphous), there is increas-
ing evidence of water ice at the lunar poles cold traps
(e.g. [1]). Such locations plausibly hold not only wa-
ter ice but also other volatiles of economic and scientific
value. Future missions may include rovers with the abil-
ity to sample materials from the top metre of the lunar
surface. This requires the identification of regions to ex-
plore and sample with the highest likelihood of finding
water ice. Cold traps, including those a few cm below
the surface, are the most plausible candidates. To un-
derstand the current distribution of water ice in the po-
lar neighbourhoods, one needs to study the dynamics of
the water molecules in the top layer of regolith through-
out lunar history. In a seminal paper, [2] investigated
the migration of H2O molecules in the lunar regolith by
random hops within the pores. In the current study, we
have been developing more realistic diffusion models
than the ones used in [2] to regions of the lunar surface
where the measured temperatures (from LRO/Diviner)
and the hydrogen maps (from Lunar Prospector) sug-
gest that the water ice has been stable over the last few
billion years.

Subsurface water ice migration and stability revis-
ited: Water molecules move through the interstices in
a porous regolith. In the Knudsen diffusion regime, the
molecules do not interact with one another, but move in
straight lines between points on the pore channel sur-
face. Upon collision with the surface, a molecule ad-
sorbs for some time, the residence time, that depends
on the local temperature. An irregular surface can be
considered as a perturbation on the top of a pore with a
smooth surface. Along the pore, there are a large num-
ber of voids with a power law size distribution that de-
scribes the regolith at the Apollo sites [3]. In order to
produce more realistic water ice distributions the effects
of a fractal grain surface specifications are included in
our novel analysis. This requires the tracking of the wa-
ter molecules in three dimensions. We also study the im-
plications of considering that the water molecules depo-
sition and sublimation rates on the surface of a regolith
grain to be the same [2]. This is justifiable if the water
vapor is in equilibrium with the ice mono-layers on the

grain surface. However, at locations where the density
of water molecules in the vapor phase is larger (smaller)
than the equilibrium vapor density [2] one expects de-
position (sublimation) at a rate larger than the one pre-
dicted by equilibrium. An accurate understanding of the
temperature profile in the sub-surface is central to the
modelling of the water ice distribution with depth since
the molecules mobility is controlled not only by the pore
size and geometry but also by the residence time. We
use temperature maps constrained by the latest LRO Di-
viner measurements [4]. However, besides the physical
conditions for ice stability one needs also to consider
the places where there had been a delivery of volatiles
over the last two and half billion years. The best can-
didates are the regions that present the highest hydro-
gen concentrations as seen by the joint analysis of Lunar
Prospector Neutron Spectrometer and topography data-
sets [5]. Currently, we are implementing the weathering
and/or gardening introduced by [6] in our 3-d numerical
diffusion code using a stochastic prescription.
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MID- AND FAR-INFRARED LABORATORY MEASUREMENTS IN SUPPORT OF THE DIVINER 
LUNAR RADIOMETER.��,��5��7KRPDV���1��(��%RZOHV���7��-��:DUUHQ���%��7��*UHHQKDJHQ��DQG�.��/��'RQDOGVRQ�
+DQQD��� �$WPRVSKHULF�� 2FHDQLF� DQG� 3ODQHWDU\� 3K\VLFV� 'HSW��� 8QLYHUVLW\� RI� 2[IRUG�� 2[IRUG�� 8.� �7KR�
PDV#DWP�R[�DF�XN����-HW�3URSXOVLRQ�/DERUDWRU\��&DOLIRUQLD�,QVWLWXWH�RI�7HFKQRORJ\��3DVDGHQD��&$��86$���'HSW��RI�
*HRORJLFDO�6FLHQFHV��%URZQ�8QLYHUVLW\��3URYLGHQFH��5,��86$��

�
�
Introduction:� �7KH�'LYLQHU�/XQDU�5DGLRPHWHU�LV�D�

KLJK�UHVROXWLRQ��QLQH�FKDQQHO�PDSSLQJ�UDGLRPHWHU�FXU�
UHQWO\� RUELWLQJ� WKH�0RRQ� RQERDUG�1$6$
V� /XQDU�5H�
FRQQDLVVDQFH�2UELWHU��7DEOH������&KDQQHOV�����DUH�XVHG�
WR�PDS�WKH�VSHFWUDO�ORFDWLRQ�RI�WKH�&KULVWLDQVHQ�)HDWXUH�
�&)��� D� PLG�LQIUDUHG� HPLVVLYLW\� PD[LPXP�� WKH� ZDYH�
OHQJWK�RI�ZKLFK�LV�KLJKO\�GHSHQGHQW�RQ�VXUIDFH�FRPSR�
VLWLRQ�>�@��7KH�3ODQHWDU\�6SHFWURVFRS\�)DFLOLW\��36)��DW�
WKH� 8QLYHUVLW\� RI� 2[IRUG� FRQWLQXHV� WR� VXSSRUW� WKH� LQ�
WHUSUHWDWLRQ�RI�'LYLQHU�REVHUYDWLRQV�WKURXJK�WKH�GHYHO�
RSPHQW� RI� QHZ� ODERUDWRU\� H[SHULPHQWV� DQG� PHDVXUH�
PHQWV�RI�PLQHUDO�DQDORJXH��URFN�DQG�OXQDU�VRLO�VDPSOHV��

�
Channel Wavelength Purpose 

1 �����±�����P� +LJK�6HQVLWLYLW\�6RODU�
2 �����±�����P� 0LG�6HQVLWLYLW\�6RODU�
3 �����±������P� &KULVWLDQVHQ�)HDWXUH�
4 ����±�����P� &KULVWLDQVHQ�)HDWXUH�
5 ����±�����P� &KULVWLDQVHQ�)HDWXUH�
6 ���±����P� 7KHUPDO�
7 ���±����P� 7KHUPDO�
8 ���±�����P� 7KHUPDO�
9 ����±������P� 7KHUPDO�

Table 1: Diviner channel descriptions [2]. 
�

Simulated Lunar Environment (SLE) Chamber: 
0DQ\�VSHFWUDO�OLEUDULHV�H[LVW�DW�SUHVHQW��VRPH�RI�ZKLFK�
LQFOXGH� OXQDU� VRLOV� DQG� WHUUHVWULDO� DQDORJXHV�PHDVXUHG�
LQ� WKH� PLG�LQIUDUHG�� +RZHYHU�� WKH� OXQDU� HQYLURQPHQW�
LQGXFHV�D� ODUJH� WHPSHUDWXUH�JUDGLHQW� LQ� WKH�VXUIDFH�DI�
IHFWLQJ� WKH� VKDSH� DQG� ZDYHOHQJWK� RI� WKH� &)� >H�J��
�������� HWF�@�� PDNLQJ� LW� GLIILFXOW� WR� FRPSDUH� 'LYLQHU�
REVHUYDWLRQV� WR� VSHFWUDO� OLEUDULHV� ZKHUH� VDPSOHV� KDYH�
EHHQ�PHDVXUHG� XQGHU� µDPELHQW¶� ODERUDWRU\� FRQGLWLRQV��
)RU� GLUHFW� FRPSDULVRQV� WR� EH� PDGH�� QHZ� VSHFWUD� RI�
VDPSOHV�PHDVXUHG� LQ� D�6/(�ZHUH� UHTXLUHG�� OHDGLQJ� WR�
WKH� FRQVWUXFWLRQ� RI� DQ� HQYLURQPHQW� FKDPEHU� IRU� SHU�
IRUPLQJ� KLJK�VSHFWUDO� UHVROXWLRQ� PHDVXUHPHQWV� XQGHU�
OXQDU�FRQGLWLRQV��)LJXUH������

7KLV� FKDPEHU� KDV� EHHQ� XVHG� WR�PHDVXUH� D� GLYHUVH�
UDQJH� RI�PDWHULDOV� LQFOXGLQJ� SXUH�PLQHUDO� SDUWLFXODWHV�
>�@�DQG�OXQDU�VRLOV�>�@��DQG�LV�FXUUHQWO\�EHLQJ�XSJUDGHG�
ZLWK� D� VDPSOH�FKDQJHU� WR� LQFUHDVH� WKH� VDPSOH� PHD�
VXUHPHQW�UDWH��

 
�
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�
Figure 1: The SLE chamber: schematic (top) and pho-
to (bottom). Samples are heated by solar-like illumina-
tion in a very low pressure (<10-3 mbar) atmosphere, 

whilst surrounded by a cooled (<150K) radiation 
shield. 

�
 Multiple-angle Infrared Reflectance:� 7KH� 6/(�

FKDPEHU�PHDVXUHV� FRQWLQXRXV� VSHFWUD�� EXW� LOOXPLQDWHV�
WKH�VDPSOH�DQG�PHDVXUHV�HPLWWHG�UDGLDWLRQ�ZLWK�D�IL[HG�
JHRPHWU\� RQO\�� 7R� GHWHUPLQH� VFDWWHULQJ� SURSHUWLHV� RI�
OXQDU�VRLOV�DW�PLG��DQG�IDU�LQIUDUHG�ZDYHOHQJWKV��ZKLFK�
DUH� SRRUO\� FRQVWUDLQHG� DW� SUHVHQW�� WR� DOORZ� IXUWKHU� LQ�
WHUSUHWDWLRQ� RI� WKH� 'LYLQHU� GDWDVHW�� DQ� LQIUDUHG� JRQL�
RPHWHU� KDV� EHHQ� FRQVWUXFWHG� >6HH� WKH� DEVWUDFW� DQG�
SRVWHU�RI�7ULVWUDP�:DUUHQ�IRU�PRUH�GHWDLOV@��7KH�JRQL�
RPHWHU�LV�FDSDEOH�RI�PDNLQJ�PHDVXUHPHQWV�ZLWK�YDULD�
EOH�LOOXPLQDWLRQ�DQG�HPLVVLRQ�DQJOHV��EXW�LV�FDSDEOH�RI�
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PHDVXULQJ� HPLVVLRQ� LQ� SDVVEDQGV� RQO\�� VLPLODU� WR� 'L�
YLQHU¶V�FKDQQHOV��7DEOH�����

)RU� LQYHVWLJDWLRQV� LQWR� WKH� VFDWWHULQJ� DQG� VXUIDFH�
URXJKQHVV� SURSHUWLHV� DFURVV� D� FRQWLQXRXV� ZDYHOHQJWK�
UDQJH�� VDPSOHV�ZHUH�PHDVXUHG� XVLQJ� D� 6SHFDF�0RQR�
OD\HU�*UD]LQJ�$QJOH�$FFHVVRU\���7KLV�VHWXS�FRQVLVWV�RI�
WZR� LQGHSHQGHQWO\� FRQWUROODEOH� DUPV�� RQH� GLUHFWV� WKH�
EHDP�IURP�DQ�)7,5�VSHFWURPHWHU�RQWR�D�VDPSOH��ZKLOH�
WKH� RWKHU� GLUHFWV� WKH� UHIOHFWHG� UDGLDWLRQ� WR� D� GHWHFWRU�
�)LJXUH����>�@��DOORZLQJ�FRQWLQXRXV�VSHFWUD�WR�EH�PHDV�
XUHG�DW�YDULDEOH�LQFLGHQFH�DQG�HPLVVLRQ�DQJOHV��

8QOLNH�WKH�6/(�FKDPEHU�DQG�JRQLRPHWHU��WKH�OXQDU�
WKHUPDO� HQYLURQPHQW� LV� QRW� VLPXODWHG� GXULQJ� WKHVH�
PHDVXUHPHQWV�� KRZHYHU� WKH� UHVXOWV� SURYLGH� D� JRRG�
PLGGOH�JURXQG�EHWZHHQ�WKH�WZR�H[SHULPHQWV��

���

�
Figure 3: Multiple-angle reflectance accessory 
�
Conclusion: 7KH�36)�FRQWLQXHV� WR� OHDG� WKH�GHYHO�

RSPHQW�DQG�H[HFXWLRQ�RI�ODERUDWRU\�H[SHULPHQWV�QHFHV�
VDU\� IRU� WKH� FRUUHFW� LQWHUSUHWDWLRQ� RI�PLG�LQIUDUHG� RE�
VHUYDWLRQV� RI� WKH� 0RRQ� E\� 'LYLQHU� >H�J�� ��� ��@�� 7KLV�
SUHVHQWDWLRQ�ZLOO� LQFOXGH�QHZ�PHDVXUHPHQWV�KLJKOLJKW�
LQJ�WKH�FDSDELOLWLHV�RI�WKH�36)��LQFOXGLQJ��

 $� FKDPEHU� IRU� PHDVXULQJ� WKH� PLG�� DQG� IDU��
LQIUDUHG�HPLVVLYLW\�RI�PLQHUDOV�DQG� OXQDU�VDP�
SOHV�XQGHU�OXQDU�HQYLURQPHQWDO�FRQGLWLRQV�

 $�PXOWLSOH�DQJOH�LQIUDUHG�UHIOHFWDQFH�DFFHVVRU\�
 $�PLG��DQG�IDU��LQIUDUHG�JRQLRPHWHU��
 
References:� >�@� *UHHQKDJHQ� %�� 7�� HW� DO�� �������

6FLHQFH������������� >�@�3DLJH�'��$��HW�DO�� �������7KH�
'LYLQHU�/XQDU�5DGLRPHWHU�([SHULPHQW��6SDFH�6FL��5HY��
��������������>�@�1DVK�'��%��HW�DO���������-��*HRSK\V��
5HV��� ���� ������������� >�@� +HQGHUVRQ� 	� -DNRVN\�
�������-��*HRSK\V��5HV�������������������>�@�/RJDQ�HW�
DO�� ������� -�� *HRSK\V�� 5HV��� ���� ����������� >�@�

+HQGHUVRQ�HW�DO���������-��*HRSK\V��5HV��������������
������� >�@� 'RQDOGVRQ�+DQQD�� .�� /�� HW� DO�� �������� -��
*HRSK\V�� 5HV��� GRL�������������-(�������� LQ� SUHVV��
>�@� *UHHQKDJHQ� %�� 7�� HW� DO�� ������� /36&� ���� >�@�
6SHFDF� /WG�� ������� ´0RQROD\HU� *UD]LQJ� $QJOH�
$FFHVVRU\´�� 5HWULHYHG� IURP�� KWWS���ZZZ�VSHFDF�FRP��
SURGXFWV�IW�LU�VSHFXODU�UHIOHFWDQFH�DFFHVVRU\�� >��@�
*ORWFK�7��'��HW�DO���������6FLHQFH�������������

�
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Introduction:  Colonizing the Moon requires a 

long term and sustainable strategy be developed and 
executed such that it acts an outpost to explore our 
next destination: Mars. The debate on whether 
humans or robots should be employed for space 
exploration is nothing but a futile argument. This 
study will address the need for Human-Robot 
partnership in setting up the lunar base. 

Objectives:   The Moon’s proximity and 
accessibility allows us to conduct a significant 
amount of exploration in relative safety with robotic 
machines teleoperated remotely from Earth and from 
cislunar space prior to human arrival [1]. The 
objectives of this discussion is to find out the role of 
human as well as robotics in setting up the lunar 
colony, the challenges involved in Human-robotic 
interaction and to find the potential implication in 
employing both human and robots in exploring 
moon.  

Role of Human and Robotics in establishing 
Lunar base:  

Why robots? Robot reduces human workload (by 
easing the burden of manual and repetitive tasks), 
cost, fatigue-driven errors and risks. To establish 
navigation and communication satellite system; to 
conduct demonstration experiments in finding the 
potential of water extraction; to make initial 
preparation of outpost site. It can perform even non-
scientific works (field labor) under human control 
and autonomously. It can support long duration 
manned expedition by surveying and servicing 
equipments. It can assist in site preparation, sample 
collection and transport. It can also monitor human 
partner’s health and provides life contingency 
support.  

 
Why Human? To maintain, repair the processing 

machines; to expand and extend surface operations; 
to conduct local exploration; to work with robots in 
mining, collecting and transport, process materials 

and increase productions; to fix problems and to 
perform logical and developmental fuctions that 
humans do best.     

  
Why Human-Robot Partnership? 
• It eliminates the need for relying only on 

robots & automation, since the role of the 
humans will shift exclusively to tasks of 
greater complexity as the capabilities of ro-
bots become more sophisticated [2] and, 

• It avoids complete reliance on humans, as 
humans are limited by strength, vigilance, 
fatigue and reaction speed [3]. 

Challenges involved: Some of the challenges in-
volved in human-robotic partnerships are enabling 
robot to perform tasks as autonomously as possible, 
requesting human assistance and expertise only 
when needed [4]; enabling voice based commands, 
gestures and wireless digital communication; ena-
bling robots to ask questions so that they can get 
assistance with cognition and perception; enabling 
constrained and standardized user interfaces.  

Results of the Study: There are specific tasks 
that are suited to robotics as well as tasks that require 
only human supervision.  

Conclusion: Employing both human and robots 
in setting up the lunar base has potential implications 
on realizing the strategies involved effectively and 
efficiently.   

References: [1] Paul D. Spudis and Anthony R. 
Lavoie. AIAA 2011-7185. [2] Ellery, A. (2001). A 
robotics perspective on human spaceflight. Earth, 
Moon & Planets 87 (3), 173-190 . [3] Ellery, A. 
What is a robotic spacecraft?, Space robotics, 119 
[4] Terrence Fong and Illah Nourbakhsh, Interation 
challenges in human-robot space exploration, Intel-
ligence Div., NASA Ames Research Center. 
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Introduction: Impact melt emplacement and evolu-

tion in lunar multi-ring basins is poorly understood since 
impact melt deposits in basins are generally buried by 
mare basalt fill and obscured by subsequent impact cra-
tering. The relatively young Orientale basin [1-3], which 
is only partially flooded with mare basalt [4-5], opens a 
rare window into basin-scale impact melts. 

We describe the geology of impact melt-related fa-
cies in Orientale and suggest that the central depression 
of Orientale may represent a solidified impact melt lake 
that vertically subsided shortly after basin formation due 
to solidification and cooling [6]. We use Lunar Orbiter 
Laser Altimeter (LOLA) data to measure the depth 
(~1.75 km) and diameter (~350 km) of this central de-
pression. If all the observed subsidence of the central 
depression is due to solidification and cooling, the melt 
lake should be ~12.5-16 km deep, far more voluminous 
(~106 km3) than the largest known differentiated igneous 
intrusions on Earth [7-8]. We investigate the possibility 
that the Orientale melt lake has differentiated and model 
1) the bulk composition of the melt lake, 2) the operation 
of melt mixing in the melt lake, and 3) the chemical evo-
lution of the resulting liquids on the An-Fo-Qz ternary in 
order to predict the lithologies that might be present in 
the solidified Orientale melt lake. Finally, we consider 
the possible significance of these lithologies. 

Geology of melt-related facies in Orientale: The 
topography of the Orientale basin is shown in Figure 1. 
The Inner Rook Ring, at a radius of 480 km from the 
basin’s center, and the Outer Rook Ring, at a radius of 
620 km, are interpreted respectively as the peak ring [9] 
and an approximation of the rim crest of the transient 
cavity prior to cavity collapse [1, 10]. Models of impact 
melt production suggest that most melt is formed in a 
hemispherical or spherical melt cavity interior to the 
peak ring [11]. Assuming that only a small proportion of 
melt is completely ejected by the collapse of the melt 
cavity during crater modification [12], most impact melt 
should remain interior to the Outer Rook Ring [12-13]. 

In fact, the Maunder Formation, which lies inside the 
Outer Rook Ring, comprises two facies which have been 
interpreted as impact-melt related [1-2, 14-15]. A smooth 
inner plains facies, exposed through thin mare fill [5, 16] 
and interpreted as a pure impact melt sheet [1-3], occu-
pies the central depression of the Orientale basin. Near 
the edges of the central depression, wrinkles, fractures, 
and polygonal cracks are apparent in the smooth facies 
and overlying mare. About 175 km from the center of the 
Orientale basin, the topography abruptly rises ~1.75 km 
from the central depression along a series of marginal 
normal faults to a corrugated, rough fissured facies. This 
corrugated facies is interpreted as clast-rich impact melt 
draping the Inner Rook Ring peaks [1-3]. 

Depth of the Orientale melt lake: What caused the 
substantial (~1.75 km) vertical subsidence of the Orien-
tale basin’s central depression? One possibility is that the 
vertical subsidence of the smooth facies is related to 
thermal stresses resulting from impact-generated heat 
and uplift of crustal isotherms [17]. This model predicts  
gentle radial vertical subsidence. However, new, high-
resolution LOLA altimetry [18] shows that the vertical 
subsidence of the central depression is abrupt: along the 
west edge of the depression, the topography drops ~2 km 
over a radial distance of ~20 km. The model of [17] can-
not fully explain this abrupt vertical subsidence. The 
fractures of the smooth inner plains facies bear resem-
blance to the deformed surfaces of terrestrial lava lakes 
[19]; if the smooth facies is an impact melt sheet, these 
fractures could result from lateral shrinkage upon solidi-
fication and cooling. The vertical subsidence of the cen-
tral depression could similarly result from solidification 
and cooling of the impact melt sheet [6]. This constrains 
the depth of the impact melt sheet: a body of hot magma 
emplaced on the lunar surface should undergo ~11-14% 
vertical subsidence [6] upon solidification and cooling. 
~1.75 km average vertical subsidence is observed (Fig. 
1), implying the melt sheet is up to ~12.5-16 km deep. 

 

 

 
 

Figure 1. Topographic map (top) and average radial 
topographic profile (bottom) of the Orientale basin. 
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Differentiation of the Orientale melt lake: The 
Orientale melt sheet (which, volumetrically, may be bet-
ter described as a lake) is ~350 km in diameter and may 
be up to ~12.5-16 km deep, implying a volume of ~106 
km3, far greater than the largest differentiated igneous 
intrusions known on Earth [7-8]. Could the Orientale 
melt sheet have differentiated? Previous work [20] has 
argued that impact melt sheets do not differentiate since 
1) few or no differentiated impact melt sheets are known 
on Earth, 2) impact “melt” sheets are better described as 
magmas carrying cold clasts, assimilation of which rapid-
ly depresses liquid temperature. However, mounting evi-
dence suggests that several large terrestrial impact melt 
sheets have differentiated (namely, the Sudbury Igneous 
Complex [21-22], Manicouagan [23], and Norokweng 
[24]). Also, the volume of shock melt produced by an 
Orientale-size impact is so enormous [11] that huge 
clast-free volumes seem likely to exist. We therefore 
develop a simple model to predict the lithologies that 
might crystallize from the Orientale melt lake and other 
solidified multi-ring basin impact lakes based on 1) the 
bulk composition of the melt lake, 2) the operation of 
melt mixing in the melt lake, and 3) the chemical evolu-
tion of the resulting liquids on the An-Fo-Qz ternary. 

Bulk composition of the melt lake. We model the lu-
nar crust as a planar layer of anorthosite ~26.9 km thick 
overlying an anorthositic norite layer extending to a 
depth of 52.0 km based on the dual-layered crustal thick-
ness model presented in [25]. The anorthosite layer has a 
density of 2.82 g/cm3 and a composition of 86 wt. % 
anorthite, 10.5 wt. % enstatite, and 3.5 wt. % forsterite; 
the anorthositic norite layer has a density of 3.04 g/cm3 
and a composition of 60 wt. % anorthite, 30 wt. % ensta-
tite, and 10 wt. % forsterite. These compositions are 
highly approximate; the modal anorthosite is based on 
[25] and the modal mafic minerals are calculated based 
on a 3:1 enstatite:forsterite proportion by weight. 

The melt cavity has a complex geometry [11] which 
we approximate as a hemisphere with its largest cross 
section coincident with the top of the anorthosite crustal 
layer. M3 [16] and Kaguya [26] spectra of the Orientale 
region detect no evidence for the presence of subcrustal 
mafic mantle material in Orientale basin deposits, so we 
assume that the Orientale impact did not sample the up-
per mantle. Therefore, we choose the radius of our mod-
eled melt cavity to be 50 km, slightly less than the thick-
ness of the far side crust [25]. The mass of each layer 
melted was calculated as the product of the volume of the 
melt cavity hemisphere intersecting the anorthosite and 
anorthositic norite layers and the density of these layers.  

Melt mixing. Impact melt is vigorously mixed and 
may therefore be homogenous; i.e., the composition of 
any small volume of melt will be identical to the bulk 
composition of the melt lake. However, even a well-
mixed melt lake may not be homogenous [22]: impact-
melted liquids with very different viscosities may be ef-
fectively immiscible on short timescales and stratify ac-
cording to density contrasts. In the Orientale melt lake, 
viscous anorthosite liquid and fluid mafic liquid could be 
effectively immiscible and separate by density to pro-

duce anorthosite liquid overlying dense mafic, pyroxenit-
ic liquid.  

Igneous differentiation. We treat igneous differentia-
tion of the homogenous melt lake on the well-known An-
Fo-Qz ternary phase diagram at 1 atm (since lunar crustal 
pressures are low). Impact melt has an initial temperature 
well above the liquidus at 1400 °C. Upon crystallization, 
the processes of crystal settling and convection operate 
to fractionate and mix crystals and liquid. We consider 
homogenous and density-stratified liquids operated upon 
by fractional crystallization and equilibrium crystalliza-
tion to bound the resulting lithologies (Fig. 2). 

Implications. Three puzzles in lunar petrology are 
young anorthosites [27], the provenance of Mg-suite 
rocks [28], and the provenance of Mg-spinel lithologies 
[29]. Young anorthosites could have crystallized from 
melt sheets. Mg-suite norites and troctolites could form 
in melt sheets, although their distinctive geochemical 
signature [28] would be hard to explain. Mg-spinel li-
thologies could form from mixing of anorthosite and 
olivine-rich mantle liquids. We continue to investigate 
remotely-sensed data and the lunar sample suite in order 
to identify possible impact melt differentiates. 

 

Figure 2. Model differentiated melt lake lithologies.  
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Introduction:  This paper describes work currently 

under way in the Atmospheric, Oceanic and Planetary 
Physics Dept. to develop the ‘Space Environment Go-
niometer’ designed to support thermal infrared remote 
sensing measurements of airless bodies in the Solar 
System.  In particular, it will be used to support meas-
urements currently being made by the Diviner Lunar 
Radiometer (‘Diviner’), a nine-channel mapping radi-
ometer currently in orbit around the Moon as part of 
NASA’s Lunar Reconnaissance Orbiter mission.  

The Diviner channels range from the visible to the 
far infrared (>400µm) [1,2], with three channels cen-
tred around the mid-infrared (8µm). Although signifi-
cant progress is being made in determining the scatter-
ing properties of the lunar soil in the visible and near-
infrared [e.g. 3,4], there is still limited or no data avail-
able on the scattering or emission phase functions in 
the thermal infrared, required by 3D thermal-physical 
models of the lunar surface [5] to accurately reproduce 
the brightness temperatures observed by instruments 
such as Diviner.  To fill this gap, we are developing an 
automated, vacuum compatible goniometer system 
capable of making measurements under lunar condi-
tions in the laboratory at the same wavelengths as Di-
viner. 

Once built the goniometer will be able to measure 
full bidirectional reflectance functions (BDRF) and 
emission phase functions (EPF) of lunar analogue min-
erals and Apollo samples, allowing Hapke [6] or simi-
lar parameters to then be fitted to the measurments, 
creating a new library of BDRF and EPF measure-
ments directly comparable to the Diviner dataset. 

Goniometer:  Detailed design work for the goni-
ometer has been completed and the instrument is cur-
rently under construction. Presently, the goniometer 
setup (Figure 1) is being tested in the visible on an 
optical bench in air. In the future the goniometer will 
make measurements in the mid-infrared surrounded by 
a cold shield (Figure 2) inside the vacuum chamber 
(Figure 3). The cold shield and vacuum chamber simu-
late the lunar environment, by creating a temperature 
gradient within the sample. For intercomparison, the 
new goniometer  has been designed to have a similar 
angular range and accuracy as other infrared goniome-
ters [e.g. 7]. The physical design of the goniometer is 
described below:  

 
Figure 1: CAD model of the internal goniometer 
setup 
 
Light Source: This initial goniometer uses a high 

temperature 75W quatz halogen bulb and reflector to 
provide a well controlled light source. In future the 
light source will be upgraded to a solar-like lamp to 
more closely simulate the environment on the near 
lunar-surface. 

Radiometer: The radiometer will be based on a 
high performance pyro-electric detector (Infratec LIE-
312F) with a reference chopper [4] and views of a cal-
ibrated blackbody target. Wavelength selection will be 
provided by spare Diviner filters [2]. In the future the 
system will be coupled to a FTIR spectrometer to al-
low full spectro-goniometric measurement to be made. 

Mechanical Components: Two stepper motors are 
used to control the position of the radiometer’s azi-
muthul and emission angles, while another stepper 
motor controls the position of the light source (i.e. in-
cidence angle). The incident angle can be varied be-
tween 0-74o, emission angle from 0-84o and the azi-
muth angle from 0-180o. The angular accuracy of the 
goniometer will be  ~0.01o. A PC with LabviewTM 
software will automate the measurement process. 
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Figure 2: A thermal model of the cold shield 

 
Cold Shield and Vacuum Chamber: The goniome-

ter will make measurements in a lunar simulated envi-
ronment. To achieve this, the whole system is enclosed 
in a <10-3 mbar vacuum chamber (Figure 3) and sur-
rounded by a <150K cold shield powered by a 140W 
cold head. The cold shield is made from thermally 
conducting 2mm copper, and has a diameter of 0.8m 
and height of 0.5m. Thermal models have shown this 
will cool uniformly, with any temperature gradient 
between top and bottom <8K (Figure 2). It is also im-
portant to cool the experiment down to reduce stray 
infrared radiation inside the goniometer. Critical com-
ponents will be coated in high-emissivity paint (e.g. 
NEXTEL Black velvet) to prevent stray light reflec-
tions etc. from affecting the measurements where ap-
propriate. 
 

 
Figure 3: Vacuum chamber that will enclose the 
goniometer and cold shield 
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Lunar soil temperature profile, including surface 

and interior, is an important parameter in lunar ex-
ploration. The lunar surface temperature has been 
measured by Diviner but the deep temperatures have 
only been measured at the Apollo 15 and 17 landing 
sites until the recent launch of the Chang’e-1 (CE-1) 
mission. The CE-1 Lunar orbiter is equipped with 
Microwave Radio Meter (MRM) instrument, which 
is a full-power 4 frequency microwave radiometer, 
and it is mainly used to detect the brightness temper-
ature of lunar surface. The penetrating depth is gen-
erally less than 0.5 m at 37.0 GHz, 1.0 m at 19.35 
GHz, and 2.0 m at 7.8 GHz, and the 3 GHz frequen-
cy channel can penetrate to a depth of 5 m or more 
[1]. Using data from this instrument we have suc-
cessfully plotted the spatial variation of lunar surface 
temperature at 5 meter depth (Figure 1, left).  

Studying the brightness temperature distribution 
data of lunar surface obtained by ChangE-1, it ap-
pears to closely follow the topographic information 
of the lunar surface. For example, in the 37.0 GHz 
brightness temperature map, we can distinguish the 
impact craters on the moon, while in the 3.0 GHz 
brightness temperature map we can distinguish mare 
and highlands. Thus we can link MRM temperature 
data with topography and geological features. 

Through the comparison of the brightness tem-
perature map and geological conditions on lunar 
surface, we can see an interesting phenomenon. In 
the Channel 4 and 3’s brightness temperature maps, 
the Oceanus Procellarum (North 18.4°, East 57.4°), 
which is the largest of the lunar maria, shows noth-
ing special. But if we look at Channel 1 (3.0GHz, 5m 

depth)’s brightness temperature map, which indi-
cates deep underground temperature of the lunar 
surface, we instantly notice that the Oceanus Procel-
larum has the highest underground temperature, and 
can thus be significantly noticed from the map, see 
enlarged Figure 1 below. This means underground 
temperature is quite different with surface ones, as it 
is not expected to be influenced by solar radiation at 
these depths but by underground heat flow.  

Oceanus Procellarum might be the possible lo-
cation of the youngest basalts on the lunar near-
side.The existence of this Procellarum basin is not 
completely accepted because the geochemical argu-
ments for such a basin as well as the identification of 
ring structures of this basin are subject to alternative 
interpretation [3]. However, as we presented above, 
ChangE-1 MRM data are consistent with a Procella-
rum basin. Since Procellarum basin concentrates 
more Thorium and FeO [2], there may be evidence 
for further melting and differentiation after the intial 
formation of the lunar crust (e.g. Glotch et al 2010), 
and may retain a higher sub-surface temperature, as 
thorium is a well-known magmatophile element [4].  

What’s the geophysics mechanism behind such 
phenomena? It deserves our further consideration. 
References: [1] Wang Z. Z. et al. (2010) Science 
China Earth Sciences, 53, 1392- 1406.  [2]  Hiesing-
er H. et al. (2003) Journal of Geophysical Research, 
108, 5065, doi:10.1029/2002JE001985. [3] Spudis P. 
D. and Schultz P. H. (1985) Lunar Planet. Sci., XVI, 
809– 810, 1985. [4] Sclater J.G., Jaupart C., Galson 
D. (1980) Rev. Geophys. Space Phys. 18, 269-311. 

 
Figure 1. Enlarged lunar deep brightness temperature map at 5 meter depth (Left) shows clearly the shape and 
position of Oceanus Procellarum. The right Map of the lunar surface showing the location of the investigated 
basins, the Apollo and Luna landing sites, are cited from Ref [2]’s figure 1. 
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China’s first lunar probe CE-1was successfully 

launched on Oct. 24th, 2007 in Xichang, and con-
trolled to impact on the lunar surface On March 1, 
2009. During its operation period, CE-1 obtained a 
large number of valid scientific data from the eight 
instruments in its scientific payload, including the 
Microwave Radio Meter (MRM). The MRM is a 
full-time 4 frequency microwave radiometer, and it 
is mainly used to detect the brightness temperature 
of lunar surface, to retrieve lunar regolith thickness, 
temperature, dielectric constant and other related 
properties. The MRM�s has four channels working 
a frequencies 3.0GHz� 7.8GHz� 19.35GHz and 
37GHz. Its observing directions are consistent with 
the fixed CE-1 track directions. Details of instru-
ments and ground calibrations are described in ref 
[1]. 

Figure 1 and Figure 2 show the cover times of 
MRM data in homolographic grid (each grid in the 
equatorial region is 2 ° × 2 °, about 3678km2) during 
the whole detection phase, reflecting data distribu-
tion on lunar surface.  

 
Figure 1. MRM data cover on lunar day during CE-1 
detection period,In this figure, lunar surface is divid-
ed into 11306 homolographic grids, and the colors of 
the grid stand for the cover time. 

 
Figure 2. MRM data cover at lunar night during CE-
1 detection period. 

  Since the 3.0GHz channel can penetrate up to 5 
meter below the lunar surface, it is really interesting 
if we could compare such data with previously de-
rived surface temperature data from instruments such 
as the Diviner radiometer on NASA’s Lunar Recon-
naissance Orbiter [2]. Therefore, on the basis of 
MRM data and the ephemeris of ChangE-1 space-
craft, we successfully plotted a 3-dimensional Lunar 
Brightness Temperature map for 5 meter deep lunar 
soil (Figure 3). 

 
Figure 3. Moon’s 5m-depth brightness temperature 
3-D map derived from ChangE-1 MRM data. 

Then we looked for some overlaps between the 
Chang'e data and Diviner’s coverage, we extracted 
Diviner data with local times and latitude/longitude 
co-ordinates derived from the region with most 
ChangE-1 flyby times (0-5degrees North and 40-
35degrees West for midday (11am – 1pm local time) 
and 0-5 degrees North and 140-145degrees East for 
midnight (11pm – 1am)). We show that the two 
spacecrafts’ data are in accordance (Figure 4 and 
Figure 5). 

References: [1] Wang. et al. (2010) Science Chi-
na Earth Sciences, 53, 1392- 1406.  [2] Paige. et al. 
(2010) Space Science Reviews, 150 (1-4), 125-160.  
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astrobiological experiments on the Moon by the use of Raman and PanCam technology 
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Jaumann, Tilman Spohn1 and Co-I team of BIOMEX 

1German Aerospace Center (DLR) Berlin, Institute of Planetary Research, Rutherfordstr. 2, 
12489 Berlin 
2Technische Universitaet Berlin, Institut für Optik und Atomare Physik, Hardenbergstr. 36, 
10623 Berlin, Germany 
 
The low earth orbit (LEO) experiment BIOMEX is an interdisciplinary and international 
space research project selected by ESA. The experiment will take place on the space exposure 
facility EXPOSE-R2 on the International Space Station (ISS) and is foreseen to be launched 
in 2012. The prime objective of BIOMEX is to measure to what extent biomolecules like 
pigments and cellular components are resistant to and able to maintain their stability under 
space and Mars-like conditions. The results of BIOMEX will be relevant for space proven 
biosignature definition and for the formation of a biosignature data base (e.g. the proposed 
creation of an international Raman library). The library will be useful for future space 
missions like in “Search for Life” missions to Mars. The secondary scientific objective is to 
analyze to what extent terrestrial extremophiles are able to survive in space, and which 
interaction between biological samples and selected minerals (including terrestrial, Moon- and 
Mars analogue varieties) can be observed under space- and Mars-like conditions. In this 
context the Moon will be a promising further platform to perform similar experiments with 
less shielding influence due to periodical absence of Earths’ magnetic field and higher solar 
irradiation. Hence, using the Moon as a second astrobiological exposure platform to the 
existing LEO investigations would provide us with additional knowledge about the stability of 
biomarkers under different environmental conditions to effectively support the preparation 
towards “Life-detection” missions to Mars and beyond. A possible approach to efficiently 
combine a Lunar BIOMEX-like experiment with existing plans for Lunar exploration is to 
realize in-situ measurements of exposed bio-relevant material by making use of instruments 
which are likely anyway a part of the scientific payload of future lunar landers. Here, we 
propose to use a combination of Raman spectroscopy with multispectral and high-resolution 
imagery for in-situ measurements on a proposed astrobiological exposure platform on a 
possible lunar lander. The strawman payload for ESA’s Lunar Lander includes a Raman 
spectrometer as well as a mast-mounted multispectral Panoramic Camera with a high-
resolution channel [1].   
This technology combination might increase significantly the scientific outcome and would 
provide more knowledge about the Moon’s surface itself as well as about the stability of life-
markers in an extraterrestrial environment with much closer relations to the radiation 
properties of the surface of Mars. A Raman data base collecting data of the mineral 
composition close to the lunar landing site and collecting data of spectra changes of the 
exposed geo-biological samples together with data from LEO and space simulation 
experiments will lead to further progress on analysis and interpretation of data we will get 
during future Mars exploration missions. 
 
[1] Carpenter et al., Objectives and Model Payload for Human Exploration Preparation on 
ESA’s First Lunar Lander, 61st International Astronautical Congress, Prague, CZ. 
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Introduction:  We have been developing an in-
strument named DORN (Detection of Outgassing 
RadoN, after the name of the German physicist who 
first discovered this gas) for ESA’s Lunar Lander. It 
is an alpha spectrometer that will work very much 
like previous Alpha Particle Spectrometer (APS or 
APXS) that have flown on other planetary missions 
(on Surveyor, MER, Rosetta), but it is dedicated to 
the measurement  of radon and its decay products. 
Radon is a key tracer of the transport of gases in the 
lunar environment (regolith and exosphere), which 
explains why it has been targeted by several lunar 
missions since the very early stages of the explora-
tion of the Moon (Explorer 35, Surveyor 5, 6, 7, 
Apollo 15, 16, Lunar Prospector, Kaguya-Selene, 
Chandrayaan-1). Past measurements revealed time 
and space variations of its surface activity, possibly 
related to the existence of episodic release of vola-
tiles during seismic events or TLPs, through con-
ducts or fracture networks possibly at mare bounda-
ries and young and massive craters [1]. But they 
have raised more questions than answers, in part 
because of their limited quality, or limited spatial or 
temporal coverage.  

Objectives: Long-term monitoring of its surface 
activity, in particular in the South polar region, 
would considerably increase our understanding of its 
cycle and would enable us to achieve the following 
objectives: study the transport of gases through the 
lunar regolith; monitor the venting activity of the 
Moon and identify active outgassing spots; study the 
transport of volatiles in the lunar exosphere; detect 
an effect of the soil water content on the exhalation 
rate (direct effect or indirect effect due to its role as a 
weathering agent); study the transport of lunar dust 
over time scales of the order of the hal-life of 210Pb 
(~22.3 y); and establish ground truth for orbital 
measurements of radon, polonium (from Apol-
lo15,16,  Lunar Prospector and Kaguya-Selene APS) 
and uranium (from Kaguya-Selene Gamma Ray 
Spectrometer), the measurement of the latter being 
possibly biased by the mobility of radon [2].  

Some interesting properties: Radon as a tracer 
has many advantages as a tracer.  It has a well-
identified source term, intrinsic to the regolith: ura-
nium-238, which has been mapped by Kaguya-
Selene Gamma Ray Spectrometer [3]. Its only signif-
icant loss process is its radioactive decay. The tem-

perature dependence of its adsorption is the strongest 
of all noble gases, which could lead to a pronounced 
diurnal cycle, as was observed for argon-40 by Apol-
lo 17 mass spectrometer [4]. It has a limited lifetime 
(~5.5 days), which is an advantage in the search for 
active degassing spots. Moreover,  it is not subject to 
chemical contamination issues (radon is necessarily 
endogeneous). Finally, remote measurements are 
made possible owing to the infinite range of alpha 
particles in the lunar exosphere. Therefore, radon 
appears to be an interesting “benchmark” tracer to 
study the fragile lunar exosphere before it is polluted 
by human exploration, and to understand the 
transport of other volatiles of interest for this explo-
ration.  

The DORN instrument: The DORN instrument 
is made of two independent subsystems, with differ-
ent objectives, although their detection unit is identi-
cal. The first subsystem, DORN-1, is aimed at meas-
uring 222Rn, 218Po, 214Po and 210Po deposited around 
the lander and originating from a region of radius 
~30° in latitude/longitude (approximate distance 
crossed by radon atoms during their average lifetime 
of 5,5 days, assuming no reincorporation into the 
regolith). It is composed of 4 sets of double-sided 
silicon detectors, measuring alpha particles over the 
energy range [~1-10MeV] (one side to measure the 
surface activity, the other one to reject part of the 
background ionizing radiations). It is ideally located 
on the edge of the lander, pointing towards different 
directions (e.g., illuminated and shadowed targets) 
The second subsystem, DORN-2, is designed to 
measure directly the exhalation rate of radon from 
the subsurface, at the landing site. It is composed of 
a a microcooler fixed to a cup layed on the ground, 
bringing the temperature of a cold finger to ~90K in 
order to trap escaping atoms by adsorption. Two 
silicon detectors face this cold finger to measure the 
activity deposited on it. 

We are currently developing a global thermal and 
transport model to predict the radon cycle at the sur-
face of the Moon, in particular at the South Pole, to 
validate the design of the instrument in terms of sur-
face area of the detectors. DORN objectives and 
technical solutions will be presented, together with 
results of this model.  

References:  
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Introduction:  Accurate knowledge of global heat 

budgets is essential for the development of planetary 
thermal evolution models. In contrast to Earth, the 
lunar heat budget is at present poorly constrained. 
Only four heat flow measurements have been per-
formed on the Moon [1], and the concentrations of U, 
Th and K in the Moon are not well constrained. Here, 
we explore a method of estimating radiogenic heat 
production in the Moon, and its depth distribution, 
based on combining recent observations of the surface 
concentrations of U, Th and K in the highlands regions 
of the Moon with experimental constraints on the dis-
tribution of these elements between anorthositic pla-
gioclase and silicate melt at high temperature. 

Background: Remote sensing data on the compo-
sition of the lunar surface, combined with data from 
samples returned with the Apollo and Luna missions 
and meteorite data, has led to improved estimates of 
the potassium, thorium and uranium concentrations of 
the lunar surface, e.g. [2-6]. Most studies to date have 
focused on the resulting concentrations of radiogenic 
heat producing elements in the Procellarum KREEP 
terrane on the lunar near side, which shows pro-
nounced enrichments in K, U and Th concentrations 
due to the influence of the enriched KREEP source. 
Our focus here is on the concentrations of the main 
heat producing elements derived for the Feldspathic 
Highlands Terrane (FHT), composed mostly of anor-
thite-rich plagioclase, as the Lunar Magma Ocean 
(LMO) concept provides a direct link between surface 
remote sensing data and the Moon's interior heat 
budget. These data, together with mineral-melt parti-
tion coeffients for Th, U and K constrain the concen-
trations of these elements in the main lunar silicate 
reservoirs, from which the bulk Moon concentrations 
can be determined. 

Crystallisation of the LMO resulted in a layered 
mantle with olivine and orthopyroxene-rich layers at 
the bottom, followed by clinopyroxene-rich materials 
and a dense ilmenite-rich layer at shallow depth below 
the plagioclase flotation crust [7]. To combine surface 
concentration observations with this petrological 
model for LMO crystallisation and thus provide infor-
mation about the Moon's heat budget, information is 
required on the partitioning behaviour of U, Th and K 
between plagioclase and melt. Although some prelimi-
nary models for the behaviour of U and Th in plagio-
clase-melt systems were developed in the past [8], the 
experimental database used for these models is small - 

mostly due to the fact that on Earth, plagioclase is not 
a relevant reservoir for these elements. 

Previous studies on trace element incorporation 
into plagioclase [9-14] did not focus on the radioactive 
elements Th and U (although some of these studies did 
include these elements in their experiments). As a re-
sult the spread in partition coefficients for U and Th is 
very large. For U, plagioclase-melt partition coeffi-
cients reported in the literature vary from 0.00004 to 
0.5. For Th, the variation also covers several orders of 
magnitude (0.0004< DTh <0.38). 

We experimentally determined the partitioning of 
U, Th, K and a suite of other trace elements between 
anorthite-rich plagioclase and silicate melt at high 
temperature and atmospheric pressure. The lattice 
strain model [15] was used to rationalise plagioclase-
melt partition coefficients for 1+, 2+, 3+ and 4+ trace 
elements. Our data are used to provide new estimates 
for the concentrations of U, Th and K in the lunar inte-
rior, which can serve as input parameters for models of 
lunar thermo-chemical evolution. 

Methods: To separate the effect of composition 
from the possible effects of temperature and pressure, 
we chose compositions in the anhydrous simple system 
anorthite-albite-diopside, enabling synthesis of a range 
of plagioclase-melt pairs at a constant pressure of 1 bar 
and near-constant temperature of 1200-1230 ºC with 
different compositions. Experiments were performed 
in air in a box furnace. Run products (Fig. 1) were 
analysed by electron microprobe for major elements 
and laser ablation-ICP-MS for trace elements using 
methods described elsewhere [16]. 

 

 
 
Results: A range of plagioclase compositions be-

tween An58 and An81 was produced, enabling us to 
study the influence of the plagioclase anorthite content 
on partition coefficients. Our results for univalent, 
divalent and trivalent trace elements (not shown) are in 

 

Fig. 1. Back-
scattered electron 
image of typical 
polished run 
product. Plagio-
clase laths in dark 
grey, co-existing 
glass in light 
grey, Pt capsule 
in white.  
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good agreement with previous plagioclase-melt parti-
tioning experiments performed at similar conditions. 
Data for 1+, 2+, and 3+ elements are all amenable to 
lattice strain modeling treatment, and resulting lattice 
strain model parameters are in exellent agreement with 
previous work (not shown). We do not find any sig-
nificant effect of plagioclase composition on D values. 
Figure 2 shows our partitioning values for Zr, Hf, U, 
and Th, together with lattice strain model fits. Fits to 
DZr, DHf and DTh result in very similar ideal ionic radii 
r0 values for all experiments, with a mean value of 
0.925 Å.  

 
Measured DU values consistently fall significantly 

below the best-fit curves. It is important to note that 
our experiments were performed in air, in the absence 
of an oxygen fugacity buffer. At these conditions (log 
fO2 approximately -0.7), uranium is not quadruvalent, 
but present mostly as pentavalent or hexavalent cations 
[17]. It is therefore not surprising that our U partition-
ing data do not fit the parabolic trends defined by the 
Zr, Hf and Th data. The fact that our measured DU 
values lie significantly below the curve derived from 
the other elements is consistent with the fact that D for 
trace elements with charges >3+ decrease with increas-
ing charge [18]. Our fits make it possible to estimate a 
partition coefficient for U4+ of approximately 0.00103. 
This estimate is required as, at the oxygen fugacity in 
the Moon, uranium is likely to be present in the 4+ 
state. The predicted D is an order of magnitude larger 
the the measured D. The fits indicate that the U4+ D is 
independent of plagioclase composition, enabling use 
of this value for models of lunar magmatic systems 
where the exact plagioclase composition and its varia-
tion are not perfectly known. 

Implications for lunar heat budget: Our data on 
partitioning of U, Th and K between plagioclase and 
melt, combined with partitioning data for these ele-
ments in other minerals and an LMO crystallization 

sequence, can be used to estimate the total lunar heat 
budget. A sample calculation, using Apollo-derived 
surface plagioclase concentrations of 84 ppb for Th 
and 13 ppb for U, is shown in Fig. 3.  

 

 
A major result from our modeling is that resulting 

estimated bulk Moon Th and U levels are unrealisti-
cially high. This indicates that plagioclase Th and U 
concentrations as taken from Apollo rock measure-
ments, cannot represent concentrations in true primary 
plagioclase that crystallised from the LMO. To im-
prove the calculation on heat production in the lunar 
minerals, accurate knowledge of trace element concen-
trations for pure LMO-derived anorthosites is essen-
tial, likely requiring new sample return missions. Fur-
thermore, additional work on partitioning of 4+ ele-
ments under reducing conditions is needed to to de-
termine the Th and U4+ D values for lunar applications 
with higher accuracy.  
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3143 [2] Takeda, H. et al. (2006) EPSL 247, 171 [3] 
Prettyman T.  et al. (2007) JGRP 111, E12007 [4] 
Yamashita N. et al. (2010) GRL 37, L10201 [5] Ko-
bayashi S. et al. (2010) SSR 154, 193 [6] Jolliff B.L. et 
al. (2011) Nat Geo 4, 566 [7] Snyder, G. et al. (1992) 
GCA 56, 3809 [8] Blundy J.D. and Wood B.J. (2003), 
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[12] Miller S. et al. (2006) GCA 70, 4258 [13] Aigner-
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(2008) GCA 12S1, A79 [18] Wood B.J. and Blundy 
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Fig 3.Sample calculation of spatial distribution of K, U 
and Th after solidification of the LMO using our pla-
gioclase-melt D values for U and Th (Fig. 2) 

 
Fig 2. Measured plagioclase-melt D values for Zr, Hf, 
U and Th (small symbols), lattice strain models(curves) 
and predicted U4+ partition coefficient (large symbol). 
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Introduction: The absence of moonquakes origi-

nating deeper than ~1100 km [1] has been used to sug-
gest that the lower mantle of the Moon is partially mol-
ten, with recent estimates suggesting up to 30 volume 
per cent melt between 1200 and ~1350 km depth [2]. 
The absence of recent surface volcanic activity implies 
that such deep partial melts must be as dense as or 
denser than their solid surroundings. We determined 
[3] the density of a range of primitive lunar melts at 
lunar interior pressures by combining in situ synchro-
tron X-ray absorption measurement [4] with molecular 
dynamics computer simulations [5].  

In situ measurements: To determine melt densities 
at high pressure (P) and high temperature (T), in situ 
synchrotron X-ray absorption experiments were con-
ducted at beamline ID27 of the European Synchrotron 
Radiation Facility (Grenoble, France) on synthetic 
equivalents of two end-member compositions bracket-
ing the unusually broad range of titanium contents in 
Apollo samples: Apollo 15C “green” glass (low tita-
nium content of 0.23 wt% TiO2) and Apollo 14 “black” 
glass (high titanium content of 16.4 wt% TiO2). These 
glasses, thought to have formed in fire-fountaining 
eruptions [6], represent the most primitive lunar mag-
mas sampled to date [7]. 

Powdered starting material was inserted into cy-
linders prepared from natural single crystal diamonds 
with graphite end caps, surrounded by low atomic 
number pressure-transmitting materials including a 
graphite heater, boron nitride insulating material, and 
boron epoxy pressure medium [4]. After pressurization, 
temperatures were increased until samples were fully 
molten. The intensity of the X-ray beam was measured 
with two photodiodes before and after crossing the cell 
assembly. Sample densities were obtained from fitting 
observed absorption patterns to simulated patterns that 
change as a function of sample density.  

For molten green glass at P = 1.6 ± 0.3 GPa we ob-
WDLQHG�GHQVLWLHV��ȡ��RI�������������J�FP-3 at T = 1908 ± 
50 K and 2.84 ± 0.04 g cm-3 at T = 1983 ± 50 K. Mol-
WHQ�EODFN�JODVV�H[SHULPHQWV�\LHOGHG�ȡ� �������������J�
cm-3 DW�3� �����������*3D��7� �����������.��ȡ =  3.11 
± 0.03 g cm-3 at P = 1.6 ± 0.3 GPa, T = 1775 ± 50 K; 

DQG�ȡ� �������������J�FP-3 at P = 1.7 ± 0.3 GPa, T = 
1850 ± 140 K [3]. 

Molecular dynamics simulations: To enable 
extrapolation of our measurements to the pressure-
temperature conditions in areas of the deep lunar man-
tle where melt was identified (P > 4.5 GPa), and to 
better quantify the effect of composition on melt densi-
ty, we performed molecular dynamics (MD) simula-
tions to evaluate the density of molten low (green), 
intermediate-high (orange) and high titanium (black) 
bearing lunar glass compositions at conditions bracket-
ing those relevant to the Moon (pressures between 0 
and 10 GPa and temperatures of 1723, 2073 and 2423 
K). Melt densities were calculated by classical MD 
simulations [5], using a simple force field to describe 
the silicate melt structure. 

Results of the MD simulations are well described 
by third-order Birch-Murnaghan equations of state. 
Calculated 1-bar densities of these lunar melts, at a 
reference temperature of 1673 K, LQFUHDVH� IURP� ȡ�  ��
2.83 ± 0.01 g cm-3 for the molten green glass composi-
WLRQ�DQG�ȡ� ��������������J�FP-3 for the molten orange 
glass composiWLRQ�� WR� ȡ�  � � ������������J� FP-3 for the 
molten Ti-rich black glass composition [3]. These val-
ues are within error of predicted values based on 1-bar 
density measurements in simple silicate systems, and 
clearly show the strong effect of composition on melt 
density. Isothermal bulk moduli at a reference tempera-
ture of 1673 K, are 18.2 ± 0.2 GPa for molten green 
glass, 20.4 ± 0.9 GPa for molten orange glass, and 19.6 
± 0.3 GPa for molten black glass [3], again in excellent 
agreement with empirical relations. Corresponding 
pressure derivatives, Kƍ�� DUH� VLPLODU� IRU�DOO� WKUHH�FRm-
positions at 8.5 ± 0.2, 7.4 ± 0.5, and 9.2 ± 0.3, respec-
tively. The combined effect of increasing Ti content, 
concomitant decreasing Si content, and nearly constant 
Ca+Fe+Mg content in the sequence green-orange-black 
glass is an increase in 1-bar melt densities at similar K 
and Kƍ�YDOXHV��� 

Figure 1 summarizes our results. Our in situ mea-
surements agree well with our MD simulations, espe-
cially considering the fully independent nature of the 
techniques. Small density differences between the two 
data sets are likely due to (1) small differences between 
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the ideal glass compositions used in the simulations 
and the experimental compositions; (2) the relatively 
large P-T uncertainties of the in situ experiments.  

Ex situ high-pressure, high-temperature so-called 
sink/float experiments were previously performed on 
synthetic analogues of the green, orange, and black 
glass composition [8-10] (squares in Fig. 1). Sink/float 
data are in excellent agreement with our results for the 
green glass and orange glass. For the black glass com-
position, sink/float data suggest slightly higher density 
values than obtained from our in situ data or MD re-
sults. Within the lunar pressure regime, the sink/float 
density results agree with MD results to within 1.3 % 
for the green, 0.7 % for the orange and 2.8 % for the 
black glass composition.   

One other study recently reported the results of in 
situ experiments on the density of molten black glass 
[11]. These results suggested higher densities than both 
our in situ and MD data (Fig. 1). As ref. [11] did not 
report the chemical compositions of their run products, 
it is difficult to assess the extent of the deviation of 
their sample composition from ours. 

Discussion: The recent re-evaluation of the Apollo 
seismic data set by Weber et al. [2] suggests the pres-
ence of 5 to 30% melt in the lowermost 150 km of the 
lunar mantle. The density at this depth range is esti-
mated to be 3.39-3.44 g cm-3 [12,13]. Figure 1 shows 

that only melts with TiO2 contents above ~ 16 wt%, 
coinciding with the maximum TiO2 content of melts 
erupted on the lunar surface, can be neutrally or nega-
tively buoyant in the lunar interior. The seismically 
observed presence of partial melt [1,2] thus suggests 
the presence of very Ti-rich melts in the present-day 
Moon. Such melts can only plausibly be formed from 
titanium-rich source rocks, as thought to be formed in 
the Moon towards the end of initial magma ocean crys-
tallization. Previous work has shown that Ti-rich cumu-
lates form near the base of the lunar crust, and that the 
relatively shallow presence of this dense cumulate 
leads to a gravitationally unstable cumulate pile condu-
cive to convective overturn [14,15]. Our data imply 
that sinking Ti-rich cumulates stay hot enough over the 
course of lunar history to remain partially molten to the 
present day near the bottom of the lunar mantle.  

Partial melting of Ti-rich cumulates at high pres-
sure requires temperatures in excess of ~ 1750 K [16]. 
Such high temperatures are consistent with recent 
models of the distribution of heat-producing elements 
between lunar magma ocean cumulate reservoirs 
[17,18]. These models show that Ti-rich cumulates are 
enriched in uranium and thorium compared to all other 
mantle reservoirs due to their relatively high modal 
abundance of pyroxene and the enriched nature of the 
residual magma ocean at the time of crystallisation of 
these cumulates. The resulting elevated heat production 
levels could lead to the present-day presence of partial 
melt in the deep lunar mantle. In addition, high lunar 
lower mantle temperatures would induce low cooling 
rates of a metallic lunar core, consistent with the pro-
posed presence of a partially molten core today [2]. 
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Fig. 1. Density evolution of studied lunar glass com-
positions with P at estimated liquidus temperature and 
estimated liquidus T gradients of 70-100 K GPa-1. 
Results from sink/float experiments are indicated with 
squares [8-10], in situ experiments are indicated with 
stars [11] and circles (this study). Blue bar gives area 
of partial melt according to [2]. Red field gives recent 
estimates of the density profile in the lunar mantle 
from seismic data and thermodynamic modeling 
[12,13]. Figure modified after [3]. 
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